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Normally functioning, stable knees arc of inestimable value to the owner, 
enabling him to participate without restriction in the labour process and 
in the ever more important recreational activities. Some occupations, 
especially those involving work on scaffolding or ladders, require a stable 
knee function; abrupt failure of a knee can lead to a fall with disastrous 
consequences. Moreover, sports and recreational activities have become 
an essential feature of daily life for many, and a way to make a living for 
some. To these people, participation in these activities is the fulfilment of 
an important vital need; and instability of an injured knee can mean the 
end of a career in sports or the necessity of abandoning one of the 
pleasures of life. Anyone who has treated such patients is aware that an 
unstable knee can cause not only physical pain but other kinds of pain as 
well. 
The stability of the knee is ensured by the peripheral knee capsule with 
its ligaments and by the centrally localized cruciate ligaments (CL). 
Assessments of the importance of these CL have differed; some have 
regarded them as hardly important in maintaining stability (Darrach 
1935), while others have described them as virtually indispensable 
(Liljedahl et al. 1965). In view of the short-term and long-term effects of 
ruptures of the CL, one cannot escape the conclusion that these central 
ligaments play an important role. A short-term effect of a CL rupture can 
be that the patient's knee gives way repeatedly and at awkward moments; 
a long-term effect of a rupture of the anterior cruciate ligament (ACL) 
can be the development of a so-called "anterior cruciate ligament 
syndrome", in which instability permits major displacements that can 
damage the cartilage and, more specifically, can disrupt the posterior 
horns of the menisci (Macintosh, quoted by Jacob 1981). Even the 
formation of marginal osteophytes with finally manifest osteoarthritis 
has been demonstrated in association with CL ruptures (Marshall and 
Olsson 1971; Jacobsen 1977). 
How important is the problem of CL lesions? In the past, ruptures of 
the CL were not infrequently overlooked because the ligaments could not 
readily be visualized by the methods then available. This has changed 
with the introduction of the arthroscope, which facilitates an inventory of 
all lesions involved in a knee injury; CL ruptures need no longer be 
overlooked. Gillquist et al. (1977), examining patients with a traumatic 
haemarthros with the arthroscope, found an ACL rupture in 59% (total 
in 45% and partial in 14%), and total rupture of the posterior cruciate 
ligament (PCL) in 3%. Noyes et al. (1980) found ACL ruptures in as 
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many as 72% of patients with a haemarthros (total in 44% and partial in 
28%). This new diagnostic tool also clearly revealed that isolated CL 
ruptures were rare. These data show that the problem of CL lesions has 
been grossly underestimated in the past. 
In view of these data a study of the controversial function of the CL 
seemed scientifically interesting and perhaps also of practical use for the 
treatment of CL lesions. The available knowledge about these ligaments 
came from different sources, which will be discussed in the first three 
chapters: 
- Anatomical research. Not only the morphology but also the function 
of the CL was studied, but the results were mostly qualitative. 
- Clinical practice. Comparison of preoperative stability studies with 
peroperative findings enabled clinicians to gain an impression of the 
function of the CL. Personal interpretations varied widely, however, 
and many poorly documented views have led long lives. 
- Biomechanics. Using newly designed instruments, this young branch of 
science collected many quantitative data, e.g. about the human loco-
motor apparatus. Movements could be accurately evaluated, and forces 
and longitudinal ch?nges measured. 
The knee-joint has for some considerable time been a subject of research 
at the Biomechanics Section of the Laboratory for Experimental Ortho-
paedics of the University of Nijmegen, in collaboration with the Applied 
Mechanics Division of the Eindhoven University of Technology. Apart 
from experimental and analytical studies of the quasi-static behaviour of 
the joint (De Lange et al. 1979, 1982; Wismans 1980), research has been 
done into the mechanical functions of parts of the knee, e.g. the menisci 
(Jaspers 1982). 
Research into the mechanical function of the CL is the subject of this 
thesis. The stabilizing function of these ligaments is expressed in mechni-
cal resistance to external loads. This resistance results from changes in 
length. The problem definition of this study consequently was: 
- Which length changes occur in the various bundles of the CL during 
normal knee movements, i.e. flexion-extension and endo-exorotation? 
No significant forces were applied for these movements, and the length 
changes were not converted to ligamentary forces. 
The first requirement was adequate definition of the morphology of the 
CL bundles, and for this purpose an anatomical study was performed. 
Its results are presented in section 1.2. These findings were then used in a 
kinematic study of a number of normal knee-joints, which resulted in the 
desired length changes of the CL bundles. Use was made of a very 
accurate measuring system (Selvik 1974), based on roentgen stereophoto-
grammetry (section 4.1). 
ABBREVIATIONS 
CL = cruciate ligaments 
ACL = anterior cruciate ligament 
PCL = posterior cruciate ligament 
AAC = anterior bundle of the anterior cruciate ligament 
PAC = posterior bundle of the anterior cruciate ligament 
APC = anterior bundle of the posterior cruciate ligament 
PPC = posterior bundle of the posterior cruciate ligament 
CoL = collateral ligaments 
MCL = medial collateral ligament 
LCL = lateral collateral ligament 
ITB = ilio-tibial band 
am = antero-medial capsule with the MCL 
pm = postero-medial capsule 
al = antero-lateral capsule with the ITB 
pi = postero-lateral capsule with the LCL and the popliteal muscle 
SOME IMPORTANT CONCEPTS 
Laxity (= primary laxity): 
the mobility or play, in terms of displacement or rotation, of a normal 
joint in response to minor external loads. 
Instability : 





THE ANATOMY OF THE CRUCIATE LIGAMENTS 
1.1. RELEVANT ANATOMICAL LITERATURE 
With their work on human locomotion the Weber brothers in 1836 laid 
the foundation for many subsequent studies of articular kinematics. They 
focused special attention on the knee with its highly incongruent articular 
surfaces — a joint they already identified as not to be simply compared 
with a hinge. They found that, unlike the hinge, the knee was not 
restricted to flexion and extension but also capable of rotation on the 
longitudinal tibial axis. Their observations led them to the conclusion 
that the axis of flexion had to pass through the centres of the femoral 
condyles at the level of the insertions of the collateral ligaments (CoL), 
and that this axis moved posteriorly and distally with increasing flexion. 
The Weber brothers stressed the great importance of the ligaments for 
knee movement, and in particular their detailed descriptions and depic-
tions of the cruciate ligaments (CL) are still hardly capable of improve-
ment. They were the first to distinguish between an anterior and a 
posterior bundle in both CL, and they explained the changes in tension in 
these bundles during flexion and extension from the rotation of the 
femoral insertions of the CL. Their conclusions were: 
- the anterior bundle of the anterior cruciate ligament (ACL) tenses in 
extension and relaxes in flexion, while at the same time the posterior 
bundle tenses; 
- the anterior bundle of the posterior cruciate ligament (PCL) tenses in 
flexion, while the posterior bundle relaxes. 
In contrast to these sophisticated observations, their view of the range of 
activities of the CL was simple: the ACL is active especially in extension, 
and the PCL in flexion. This is clearly demonstrated in their statement: 
"The anterior cruciate ligament is almost entirely relaxed in flexion, while 
the posterior cruciate ligament is tense. During extension of the knee the 
bundles of the posterior cruciate ligament relax while the anterior 
cruciate ligament tenses. At moderate extension only the anterior cruciate 
ligament is tense, while the posterior is not. Only at maximal extension do 
the posterior bundles of the posterior cruciate ligament tense again". 
The effect of this behaviour of the CL was described in the following 
colourful way: "The anterior cruciate ligament invites the condyles to roll 
forward during extension, whereas during flexion the posterior cruciate 
ligament invites them to roll backward". 
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The Weber brothers tried to analyse the functions of the principal 
ligaments with the aid of dissected knees in which only the CL and CoL 
were left intact, the remainder of the capsule having been excised for 
better exposure. By selective division of both groups of ligaments and by 
manipulation they reached the remarkable conclusion that the CoL 
preferably inhibited knee movements in extension, while the CL did so in 
flexion. The authors immediately attenuated the generality of this view, 
because parts of the CL were tensed in extension and exerted an 
influence: division of the CL was followed by a slight increase in 
extension (hyperextension). The CoL proved to be of functional impor-
tance in flexion as well: upon division, the intact CL proved able to 
inhibit endorotation by winding round each other, but could not inhibit 
exorotation. Division of the CL caused not only some hyperextension but 
enhanced the possibility of rotation in flexion. Moreover, the anterior 
and posterior drawer movements of the tibial plateau after division of the 
ACL and PCL, respectively, did not escape the authors' notice. 
Our current insights into the function of the CL have their origin in 
these early experiments. The evolution of the views during the century 
and a half since this pioneer work will be followed step by step. 
Halfway the 19th century interest focused strongly on studies of knee 
motion, and in 1853 Meyer was the first to describe the forced exorota-
tion of the lower leg during the final phase of knee extension. This 
rotation locked the knee and ensured a higher degree of stability of the 
extended leg in the standing position. Meyer held especially the specific 
configuration of the medial femoral condyle responsible Jor the occur-
rence of the final rotation (now commonly known as screw-home 
rotation). Subsequently, others mentioned the possible role of the CL in 
this automatic rotation. Goodsir (1868, quoted by Smillie 1978) empha-
sized the tensing of the ACL at knee extension, and held this partly 
responsible for the tibial exorotation: "The rotation outwards at the 
completion of extension is produced indirectly by the quadriceps exten-
sor, the form of the articular surfaces, and the tightening of the external 
(=anterior) cruciate ligament cooperating with the group of extensor 
muscles". 
Albrecht ( 1877) thought that the increasing tension in both CL was the 
cause of the final rotation, and that only tibial exorotation in the final 
phase of extension could reduce their tension and allow the knee to attain 
full extension. In his view the PCL was the vertical axis on which the 
ACL, with its more oblique course, caused the tibia to rotate. Both 
Goodsir and Albrecht attached greater importance to the ACL than to 
the PCL for the final rotation. Young (1889) held a different view; he 
regarded the ACL as the axis of the final rotation: "It is round the 
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anterior crucial ligament, tightened up as it is by the extension of the 
joint, that the inversion of the femur takes place, as round a pivot, in the 
last movement of the extended knee". 
Apart from studies of the behaviour of the CL and its effects in normal 
knee movement, many reports were published on anatomical studies of 
cadaver knees with regard to the resistance of the various knee 
ligaments to several unphysiological forces. In 1893 Hönigschmied 
described by far the largest series of knees ( 150). He used the lower leg as 
a lever to apply to the knee several clearly distinct external forces: 
hyperflexion, hyperextension, marked abduction and adduction (a valgus 
and varus force, respectively), and marked exorotation and endorotation. 
Once these forces had palpably caused a rupture of the ligaments he 
dissected the knees and drew some qualitative conclusions about the 
resistance and function of the various ligaments. His results demon-
strated in the first place that isolated ruptures of the CL were rare. He 
sometimes saw fractures or epiphysiolyscs instead of ligament ruptures. 
Although the forces applied were not measured at that time and no 
quantitative conclusions could be drawn from these studies, they did cast 
some light on the functions of the CL and the relations with the other 
ligaments of the knee. 
- Hyperflexion of a normal knee caused no ruptures of the CL. 
- Hyperextension caused rupture of the posterior capsule and both CL; 
the latter tensed at forced extension. 
- Marked abduction and adduction forces first ruptured the CoL and 
then the CL. This was not an indication of greater strength of the CL 
but demonstrated that abduction and adduction caused a more rapid 
increase of resistance in the CoL, and exceeded tensile strength more 
quickly than in the CL. 
- Marked endorotation sometimes caused the ACL to rupture, but 
never the PCL. This did not warrant the conclusion that only the ACL 
resisted endorotation; the PCL was likewise able to restrict endorota-
tion, but without exceeding tensile strength. The resistance of the CL 
to forced exorotation was variable and ill-defined. 
Hönigschmied's load experiments were completed by Pagenstecher (1903), 
who applied antero-posterior and postero-anterior forces by striking either 
the anterior or the posterior aspect of the proximal tibia with a mallet, thus 
producing ruptures of the PCL and ACL, respectively. 
A considerable body of knowledge about the functional anatomy of the 
CL had accumulated by the turn of the century, and in Gray's Anatomy it 
was tersely summarized as follows: "The main function of the crucial 
ligaments is to act as a direct bond of union between the tibia and the femur, 
preventing the former bone from being carried toofar back ward or forward. 
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Thus the anterior crucial ligament prevents the tibia from being carried too 
far forward by the extensor tendons, and the posterior crucial checks too 
great movement backward by the flexors. They also assist the lateral 
ligaments in resisting any lateral bending of the joint". It also mentioned 
that endorotation was inhibited by increasing tension in especially the 
ACL, caused by the CL wrapping themselves around each other. 
Exorotation, however, was not influenced by the CL; it was inhibited by the 
CoL, and more especially by the medial collateral ligament (MCL). Views 
on the distribution of tension in the CL — so very important for the 
functions mentioned — were subject to gradual change. It became more and 
more apparent that parts of both CL were tensed both in extension and in 
flexion. Previously the accent had been on the tensing of the ACL in 
extension and of the PCL in flexion (Weber and Weber 1836). Pagenstecher 
(1903) attributed the smooth movement of the knee to the "virtually equal" 
tension in the CL in the various degrees of flexion. 
In his important work on the anatomy and mechanics of the joints 
(Anatomie und Mechanik der Gelenke 1904, 1910, 1911), Fick gave the 
CL his ample attention. He, too, distinguished two parts (later called 
bundles) in both CL: 
- the ACL consisted of a (longer and stronger) antero-medio-superior 
and a postero-latero-inferior part; 
- the PCL consisted of an antero-lateral and a postero-medial part. 
The following table shows that some part of both CL was thought to be 
tensed in all knee positions. 






















The nomenclature of the bundles has so far remained unchanged; only 
the views on the behaviour of the ACL (not on that of the PCL) have 
changed. 
Pick's description of the interaction between normal knee movements 
(flexion-extension and rotation) and the behaviour of the CL was a 
synthesis of the knowledge then available; he stressed the functional 
relation between capsule and ligaments. Both CL inhibited hyperexten-
sion, together with the CoL and the posterior knee capsule. With regard 
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to rotation, too, an end-point was reached in full extension: a balance was 
struck between the final rotation elicited by the CL (especially by the 
ACL) and the inhibitory effect of the CoL on this exorotation. In 
extension and in flexion the influence of the CL on rotation had the same 
purpose: to inhibit endorotation or, at high tension in the CL, to cause 
exorotation of the tiba. The fact that the CL wrapped themselves around 
each other in endorotation was regarded by Fick as an additional 
endorotation-inhibiting factor. He rejected the then widely accepted view 
that the PCL acted as an axis on which the ACL guided rotation, because 
in his opinion the PCL deviated too far from the tibial axis. It was not 
until decades later that these hypotheses on the behaviour of the CL were 
tested in objective measuring experiments. Certainly, however. Pick's 
views were challenging. 
After 1900 a flood of clinical data on CL lesions was released, and 
numerous methods of treating acute and chronic lesions were described. 
Not all therapeutic methods, however, were based on sound mechanical 
insights into the functioning of the CL; in fact such insights were sorely 
needed. The studies published by Palmer (1938), Brantigan and Voshell 
(1941), Wheeler Haines (1941) and Abbott et al. (1944) were attempts to 
remedy this. Although the methods used remained virtually the same 
(dissection and manipulation), and conclusions were therefore only 
qualitative and subjective in many cases, some new insights into the 
function of the CL were nevertheless gained. Palmer (1938) found in his 
dissected specimens that the CL retained some tension in all degrees of 
flexion and continued to guide knee movement, and that they exerted an 
inhibitory influence only in extreme positions. He made the interesting 
observations that the ACL slightly relaxes at initial flexion and tensed 
again after about 20° flexion. In this way the lateral femoral condyle, 
anchored to the tibial plateau by the ACL, was given more freedom of 
movement and, in the initial phase of flexion, could roll over a longer 
distance before starting to slide than the medial femoral condyle, which 
was deprived of the freedom to roll by the tensed PCL. "Thus the crucial 
ligaments regulate the proportion between rolling and spinning during 
flexion and extension" (Palmer 1938). The inequality in rolling distance at 
initial flexion caused tibial endorotation in relation to the femur — a 
movement opposed to the automatic exorotation in the final phase of 
extension. Palmer thus dynamically explained the synchronous rotations 
of the lower leg from the state of tension of the CL. More than previously 
the CL were regarded as the guides of knee movement, in extreme 
positions as well as in the intermediate movements. Abbott et al. (1944) 
also observed the initial relaxation of the ACL, but they did not observe 
re-tensing of the ligament until flexion was virtually complete. Moreover, 
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Figure 1.1 
Schematic representation of the position of the axis of endo-exorotation С and the 
behaviour of the CL. Femoral attachments solid black, tibial attachments hatched. 
Dash line indicates the outline of the rotated tibia. 
A shows Palmer's view: rotation has opposite effects on the CL. Endorotation brings 
the attachments of the PCL closer together and moves those of the ACL further 
apart. 
В shows Pick's view: central axis. Rotation has identical effects on the CL. 
they pointed out that the antero-medial rather than the postero-lateral 
bundle of the ACL tensed in flexion — an observation at odds with 
accepted views (Weber and Weber 1836; Fick 1911). They did not 
describe relaxation of the PCL in the initial phase of flexion, comparable 
with that of the ACL; together with the MCL, the PCL virtually fixed the 
medial femoral condyle in one position, without permitting rolling. 
Brantigan and Voshell (1941) sought the cause of the greater freedom of 
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movement of the lateral femoral condyle not so much in relaxation of the 
ACL as in relaxation of the lateral collateral ligament (LCL) "Both 
cruciate ligaments remain taut throughout flexion and more stress is 
placed on them m full flexion Accordingly the three ligaments — tibial 
collateral and both cruciales — remain taut but not tense throughout 
flexion" They also stated "Greater freedom of motion of the lateral 
femoral condyle is allowed by the relaxation of the fibular collateral 
ligament" 
Although the observations on the tension of the CL were made by 
virtue of simple manipulations and were not substantiated by objective 
measuring, the CL were assigned an important role in the kinematics of 
the knee Conclusions were drawn also with regard to the position of the 
endo-exorotation axis (Palmer 1938, Brantigan and Voshell 1941) This 
axis was believed to be localized near the medial femoral condyle, the 
lateral condyle as it were rolling round this point (fig 1 1A) Palmer 
consequently thought that the CL were sub|ect to opposite influences 
during rotation, and in turn exerted opposite influences on rotation 
endorotation, virtually comparable with an anterior drawer, was thought 
to increase the tension in the ACL and to reduce that in the PCL, while 
exorotation was thought to produce the opposite effect Endorotation 
was thought to be inhibited by the ACL, and exorotation by the PCL 
Pick (1911) ascribed an identical effect to both CL. inhibition of 
endorotation This was conceivable only with a central axis of rotation 
(fig 1 IB) Abbott et al (1944) described backward sliding of the medial 
femoral condyle during the final rotation, and consequently they also had 
to assume a more centrally localized axis 
Not only the influence of the CL on normal knee movement was re-
investigated but also the inhibitory influences on more unphysiological 
traumatizing forces To the clinician it was very important to know which 
movements were inhibited by the CL, and to what extent, only on the 
basis of this knowledge could the events of an accident (traumatic 
mechanism) or an instability during manipulation be properly interpreted 
as indicating a rupture of the CL or other ligaments Palmer (1938) tested 
his dissected knee specimens in various degrees of flexion with abduction 
and adduction forces after selective division of the CoL and CL In full 
extension the CL proved to be as important as the CoL, instability in the 
frontal plane meant a rupture in both groups of ligaments In light flexion 
the CoL provided the principal resistance to the forces mentioned (first 
line of defence), while the CL slightly relaxed and played a secondary role 
(second line of defence) With this observation Palmer (1938) added an 
important element to the existing insights into the CL function in the 
frontal plane "Consequently it must be taken into consideration that the 
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degree of abduction rocking varies with the different position of the 
joint". Intactness of the CoL was best tested in light flexion, when the CL 
were slightly relaxed (Abbott et al. 1944). Slight adduction laxity was 
normal in this situation, and was caused by relaxation of the LCL in 
flexion. With regard to drawer forces, too, the position of the knee 
proved to be important for the proportional resistance of the CL and the 
CoL. Both contributed in full extension; in flexion the CL proved to be 
most important for sagittal stability, and of the CoL it was especially the 
MCL that continued to provide some resistance, even though this was 
evidently secondary to that given by the CL. Brantigan and Voshell 
(1941) in fact regarded the CoL as unimportant for sagittal stability, but 
Lenggenhager (1940) described the medial capsule (not the ACL) as 
playing a role in inhibiting anterior drawer forces. These authors could 
not agree on the occurrence of hyperextension and increased endorota-
tion following CL severances. 
Wheeler Haines (1941) concluded on rather simple ground that the 
tension in both CL had to be equal: "Because their actions are reciprocal 
the tension in the ligaments will be about equal. Too great a tension in 
one ligament will result in forward or backward movement of the tibia to 
restore equilibrium". However, since the other ligaments and 
muscles also play a role in the equilibrium, it was impossible 
to isolate the tension ot the CL for investigation. The author 
regarded the final rotation likewise as an equilibrium: a force couple in 
the CL exorotated the tibia until this action met the increasing resistance 
in the CoL (Pick 1911). 
The functional interaction of CL, CoL and joint capsule continued to 
inspire many investigators. In France, an important contribution was 
made by Rainaut and Trillai (1959). Bousquet (1969) published a study 
about the CL. The study of Castaing et al. (1972) on the stabilizing 
functions of the knee ligaments excelled in clarity and presented a 
complete survey of the role of passive stability (not effected by muscles). 
Castaing et al. distinguished two configurations: 
- A central pivot (axis of endo-exorotation), formed by the CL. Unlike 
the ACL, the PCL always retains a degree of tension which compresses 
the femoral and tibial articular surfaces. Moreover, the axis inhibits 
endorotation. 
- The medial and lateral capsulo-ligamentary structures. The CoL 
(important components of these structures) control abduction-adduc-
tion movements, while the capsule together with the CoL controls 
endo-exorotation (fig. 1.2.). 
Castaing clearly explained the relationship between the two configura-
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Figure 1.2 
The elements of passive stability of the normal knee, A central axis formed by the CL 
acts as axis of endo-exorotation (outlined arrow). A half-cuff of tissue, comprising a 
medial and a lateral capsulo-ligamentary structure, controls the movements: the CoL 
the abduction-adduction movements, the capsule and the CoL the rotations (after 
Castaing et al. 1972, by courtesy of the publisher of Revue de Chirurgie Orthopédique). 
Figure 1.3A 
Exorotation of the normal knee in 60* flexion. The dark areas indicate tension: the 
antero-medial capsule with the MCL (together: am), and the postero-lateral comer of 
the knee capsule with the LCL and the popliteus muscle (together: pi); centrally, only 
the PCL retains its tension (after Castaing et al. 1972, by courtesy of the publisher of 
Revue de Chirurgie Orthopédique). 
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lions. His conclusions about abduction-adduction movements entirely 
agreed with those of Palmer (1938). Both configurations played a role in 
controlling rotations with the knee in flexion. 
Exorotation (fig. 1 .ЗА) was inhibited by the MCL and the anterior part 
of the deeper capsular ligament (antero-medial capsule with the MCL= 
am), and on the lateral side by the LCL and the popliteal muscle 
(postero-lateral capsule with the LCL and the popliteal muscle = pi). In 
exorotation the central axis showed relaxation of the ACL, while the PCL 
remained tense. In endorotation (fig. 1.3B) the situation was different: 
tensing of the postero-medial capsule (pm) and of the antero-lateral 
capsule (al), and more especially of the ilio-tibial band (ITB). More than 
in exorotation the central axis was involved in controlling rotation; the 
anterior margin of the ACL tensed, while the PCL retained its tension. 
The directional course of the ligaments determined their function; if 
rotation caused the ligament to take a more oblique course, then 
increased tension ensured an inhibitory action. The same applied to 
drawer movements in the sagittal plane, in which the central axis played 
the principal role. The posterior drawer movement was inhibited primari­
ly by the PCL, in all positions of rotation. In the neutral position the 
anterior drawer was inhibited by the ACL (fig. 1.3C); in exorotation the 
load shifted to the antero-medial structures, and in endorotation it 
shifted to the ACL and the antero-lateral capsule. All data were obtained 
Figure 1.3B 
Endorotation of the normal knee in 60' flexion. The dark areas indicate tension: the 
postero-medial capsule (pm) and the anterolateral capsule with the ITB (al); centrally, 
the anterior bundle of the ACL tenses and the PCL retains its tension (after Castaing et 
al. 1972, by courtesy of the publisher of Revue de Chirurgie Orthopédique). 
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by selective division of ligaments and manipulation; no mention was 
made of objective measurements. 
The notion that the CL formed a central axis round which the 
rotational movements of the knee were executed, was not new. As early 
as 1911 Pick mentioned as a contemporary view that the PCI acted as axis 
of tibial rotation — a view which he rejected because the PCL seemed to 
deviate too far from the longitudinal tibial axis. In the past few decades 
the PCL was repeatedly identified as the "basic stabilizer of the knee" 
(Hughston 1969, 1976; Ellison 1977). The stabilizing function of the 
capsule and ligaments was subordinate to that of the PCL: "Anatomical 
studies demonstrate that the posterior cruciate is directed vertically, 
rather than obliquely, in the sagittal plane. Demonstrable tautness is 
present in all degree of extension and flexion, but functionally tautness is 
increased by internal tibial rotation due to torsion of the multiple cords of 
which the ligament is composed". The enhanced twist or "torsion" of the 
PCL in endorotation had previously received little attention; it was 
believed to ensure compression of femur and tibia. Hughston (1969) 
defined the functions of the ACL as inhibition of hyperextension and 
guidance of rotation. He discerned no effect on drawer movements. 
Although the ACL might be less important than the PCL, the stimulating 
question remained why the integrity of the ACL was so often lost in the 
Τ О О 
N E U T R A L EXO E N D O 
Figure 1.3C 
Anterior drawer of the normal knee in 60* flexion. In the neutral position the ACL 
tenses as the tibia moves forward. In exorotation the antero-medial capsule with the 
MCL (together; am) provides the greatest resistance to forward displacement of the tibia; 
in endorotation this role is played by the ACL and the antero-lateral capsule (al) (after 
Castaing et al. 1972, by courtesy of the publisher of Revue de Chirurgie Orthopédique). 
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case of injury. Kennedy (1974) made another series of observations on the 
changes of tension in the ACL during flexion. He removed a bone 
fragment from the intercondylar fossa to ensure better exposure. He 
found the ACL tensed in full extension and light flexion, maximally 
relaxed between 40° and 50° flexion, and increasingly tensed at continued 
flexion to 70-90°. The relaxation in semi-flexion had already been 
reported by others (Palmer i938; Abbott et al. 1944; Hughston 1969; 
Castaing 1972). Kennedy mentioned a tensing of the ACL in endorota-
tion. 
The controversial views on the tensing of the CL and the correspond-
ing stabilizing function seemed to arise mainly from the fact that the CL 
were regarded as simple structures rather than as composites of bundles. 
Especially the study of Girgis, Marshall and Monajem (1975) about the 
CL focused on and elucidated these bundles. They divided the ACL into 
a small antero-medial and a large postero-lateral bundle ("the bulk of the 
ligament"), and the PCL into a small postero-medial and a large antero-
lateral bundle, and observed the follwing changes in tension during 
flexion and extension (for comparison, see table 1.1 after Fick). 

















The views on the tension in the bundles of the ACL changed, and Abbott 
et al. (1944) initiated this'change. On the basis of these observations the 
old adagium "The ACL is tensed in extension, and the PCL in flexion" 
might be altered to read: "The larger part of the ACL is tensed in 
extension, and the larger part of the PCL in flexion". 
These were the effects of selective division of the ACL and the PCL: 
A. Anterior cruciate ligament: 
- Hyperextension 
- Increased anterior drawer in extension 
- Increased anterior drawer (but less marked) in flexion 
- Increased exorotation in extension and flexion 
- Increased endorotation in extension and, in lesser degree, in flexion 
- No increase in abduction-adduction movements. 
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Particularly the increase in exorotation was an addition to a series of 
previously described effects. The question remained whether the forces 
and effects were always registered in the same way. 
B. Posterior cruciate ligament: 
- No hyperextension 
- Posterior drawer in flexion 
- Slightly increased endorotation in flexion, not in extension 
- Slightly increased exorotation in flexion, not in extension 
- General instability in 20-40° flexion ("major stabilizer of the knee"). 
It seemed a matter of course that selective division of the bundles should 
follow in order to establish the task distribution within the CL. For this 
purpose the ACL was selected (Furman, Marshall and Girgis 1976). 
These more sophisticated tests demonstrated that the postero-lateral 
bundle of the ACL inhibited hyperextension and the anterior drawer 
movement in extension, while the antero-medial bundle inhibited the 
anterior drawer in flexion. Division of the bundles of the ACL had no 
effect on abduction-adduction movements, and the effects on rotations 
were difficult to explain: an increase was sometimes seen after severance 
of relaxed bundles. 
1.2 PERSONAL OBSERVATIONS 
In order to establish a firm foundation for a study of the behaviour of the 
CL bundles a detailed anatomical study of these ligaments seemed 
indicated, particularly since existing descriptions proved to be far from 
unequivocal. In five normal amputated knees the CL were carefully 
dissected from their planes of attachment, which were then coloured with 
dark paint. The fibre bundles of the CL were studied in one freshly 
amputated knee. 
The ligaments were dissected submerged in a water tank — a technique 
in use at the Anatomical Laboratory of the University of Nijmegen (head: 
H.J. Lammers). Small tissue fragments and adipose tissue tend to float, 
and could therefore be easily dissected from the ligaments with delicate 
instruments. A gentle flow of tap water maintained an overflow from the 
tank which removed floating tissue debris. After some practice the fibre 
bundles of the CL could be adequately brought to view; cleavage of the 
femur in the mid-sagittal plane ensured a good approach to the ligaments 
from all sides. 
1.2.1 The attachments of the cruciate ligaments 
The following description and illustrations pertain to a left knee. In ten 
knees (including the five specimens for the study to be described later) the 
Figure 1.4 
The femoral attachment of the ACL to the lateral condyle (L). 
dimensions of the attachments were measured as accurately as possible 
with a flexible ruler. Of the oval-shaped attachments, those points which 
were furthest apart and to which the outer fibres attached (also known as 
poles) were used for these measurements. 
1.2.1.1. Femoral attachments 
a) The concave inner surface of the lateral femoral condyle shows the 
attachment of the ACL (fig. 1.4), which has the shape of a circle 
segment with a curved posterior and a virtually straight anterior edge. 
A strip of synovium constitutes the boundary between the ligament 
and the condylar cartilage. With the femur in a vertical position the 
attachment is so tilted over about 25° that the proximal pole is 
localized slightly more ventrally and the distal pole more dorsally. The 
former lies on the concave anterior surface of the intercondylar fossa, 
medial to the latter. The mean length of the attachment (the distance 
between the polis) is 17.8 mm (16-21 mm) (table 1.3). 
b) The PCL attaches to the concave inner surface of the medial femoral 
condyle (fig. 1.5). The attachment has a straight upper edge and its 
lower edge follows the curvature of the cartilage, giving the attach-
ment the shape of a circle segment. There is again a synovial boundary 
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Figure 1.5 
The femoral attachment of the PCL to the medial condyle (M). 































































































Mean value in mm 17.8 20.5 24.6 12.5 14.3 
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between ligament and cartilage. At a vertical position of the femur this 
attachment assumes a horizontal position. The anterior pole extends 
to the midline of the intercondylar fossa, more laterally than the 
posterior pole. The entire attachment lies at the level of the distal pole 
of the ACL, the anterior pole of the PCL attachment extending further 
ventrally than that of the ACL. The mean length of this attachment is 
24.6 mm (21-28 mm) (table 1.3). 
Comment: 
- The femoral attachment of the ACL has often been described as 
vertical, or parallel to the femoral axis (Weber and Weber 1836; Fick 
1904; Bousquet 1969). Girgis et al. (1975) explicitly mentioned a 
forward inclination of 25°. The horizontal orientation of the femoral 
attachment of the PCL has not been a subject of controversial 
opinions. 
- Abbott et al. (1944) and Ficat (1962) described the attachment of the 
PCL as more proximal than that of the ACL, in contrast to what is 
visible in figures 1.4 and 1.5.1η the vertical extended position the ACL 
would therefore take a flatter course, and the PCL a steeper one, than 
is the case in reality. 
- The anatomical literature contains widely variable data on the dimen­
sion of the femoral attachments. Fick (1904) reported 20 mm for both. 
Testut and Latarjet (1948, quoted by Bousquet 1969) found 10 mm for 
the ACL and 20 mm for the PCL. Girgis et al. (1975) reported 23 mm 
and 32 mm, respectively. The values presented in table 1.3 occupy an 
intermediate position. 
1.2.1.2 Tibial attachments 
a) The tibial attachment of the ACL is oblong, and localized at the centre 
of the tibial plateau (fig. 1.6). The irregular surface between the medial 
and the lateral tibial condyle can be divided into three parts: anterior 
intercondylar fossa, intercondylar eminence (=tibial spine) and poste­
rior intercondylar fossa. The eminence consists of two elevations: 
medial intercondylar tubercle (=anterior tibial spine) and lateral 
intercondylar tubercle (=posterior tibial spine), separate by a groove: 
the intercondylar sulcus. The ACL attaches to the anterior intercondy­
lar fossa, about 15 mm from the anterior margin of the tibia. The 
posterior fibres originate from the sulcus, never from the tops of the 
tubercles. The lateral side of the attachment is in direct contact with 
the attachment of the anterior horn of the lateral meniscus, possibly 
indicating a close relation between the two structures. The medial side 
of the attachment follows the cartilage of the medial plateau and the 
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Figure 1.6 
The tibial plateau with the oblong attachment of the ACL at its centre. 
base of the medial tubercle. There is no evident relation between the 
medial meniscus and the ACL. The posterior horn of the lateral 
meniscus extends some fibres to the posterior part of the ACL. The 
mean length of the attachment is 20.5 mm (18-24 mm) (table 1.3). 
b) The virtually square tibial attachment of the PCL is localized on the 
posterior intercondylar fossa and the posterior aspect of the tibial 
plateau (fig. 1.7). The lateral meniscus extends some fibres to the 
attaching PCL as it does to the ACL. The mean antero-posterior 
dimension of this attachment is 12.5 mm (11-14 mm), while the 
transverse dimension averages 14.3 mm (12-17 mm) (table 1.3). 
Comment: 
- Galeazzi (1927) gave a very detailed description of the connections 
between the CL and the menisci. The ACL extended fibre bundles to 
the anterior horns of both menisci, a fibrous strand (Barkow's 
ligament) sometimes extending from the lateral posterior horn past the 
medial side of the ACL to the medial anterior horn. Galeazzi 
considered these connections between CL and menisci responsible for 
their being so often injured simultaneously. 
22 
figure 1.7 
Posterior view of the tibial plateau with the virtually square attachment of the PCL. 
- Helfet (1963, 1970) tried to characterize the unity of CL and menisci as 
a figure-of-eight which connects the ACL with the anterior horn of the 
medial meniscus, passes this meniscus in posterior direction, crosses 
over the anterior horn of the lateral meniscus, and follows this to the 
PCL. This unity of CL and menisci was thought to constitute the 
system guiding knee movement. Girgis et al. (1975), however, rarely 
found connections between the anterior horn of the medial meniscus 
and the ACL, and never any between the posterior horn of the medial 
meniscus and the CL or lateral meniscus. They always found connec-
tions between the ACL and the anterior horn of the lateral meniscus 
(as did Gray 1901, Pick 1904, Smith 1918, and Morris 1953); in some 
50% of their specimens they also found connections between the ACL 
and the posterior horn of the lateral meniscus. A figure-of-eight 
pattern was not clearly discernible. Bousquet (1969) described the 
connections between the ACL and the lateral meniscus as an abnormal 
anatomical variation, although they were often found (at least more 
often than connections between the ACL and the medial meniscus). 
- The dimensions of the tibial attachments were seldom mentioned. Girgis 
et al. (1975) found 29.3 mm for the ACL and 13.4 mm (transverse 
dimension) for the PCL. 
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Anterior view of the ACL, with 
the antero-medial bundle between 
the arrows 
Fig. 1.9 
Medial view of the ACL with the 
antero-medial bundle between the 
arrows 
Fig. 1.10 
Posterior view of the ACL with the 
posterolateral bundle between 
the arrows 
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1.2.2. The course of the cruciate ligament bundles 
Both CL of a right knee were dissected submerged in water and then 
photographed from four different angles. 
1.2.2.1 Anterior cruciate ligament 
An anterior, a medial and a postero-medial view of the ACL are shown in 
figures 1.8, 1.9 and 1.10, respectively. For better exposure the medial 
femoral condyle has been turned away, while in fig. 1.8 the lateral 
condyle has been slightly flexed because in full extension the ACL is 
almost completely concealed behind the intercondylar fossa. 
The anterior margin of the ACL (arrows in figures 1.8 and 1.9) extends 
from the anterior part of the tibial attachment to the proximal pole of the 
femoral attachment and is known in the literature as antero-medial 
bundle. In full extension the ACL seems to consist of parallel fibre 
bundles if viewed from the medial angle; in the postero-medial view, 
however, the ligament proves to show some "torsion" as a result of the 
fact that the femoral distal pole is localized more laterally than the 
proximal pole. The posterior margin of the ACL (arrows in fig. 1.10) is 
widely known as postcro-lateral bundle. The length of the antero-medial 
bundle significantly exceeds that of the postero-lateral bundle. 
The demarcated anterior and posterior margins are the extremes of the 
two bundles, which at the centre of the ligament merge without any 
sharply defined boundary. The fissure lateral to the attachment of the 
antero-medial bundle (fig. 1.8) seems an anatomical boundary between 
the two bundles but in reality is limited to the surface. At microscopic 
examination of horizontally cut sections of both CL it was impossible to 
identify two clearly distinct bundles. Close to the tibial attachment of the 
ACL a blood vessel was observed in the fissure just mentioned. 
Comment: 
- Furman et al. (1976) found a distinct separation between the antero-
medial and the postero-lateral bundle. A photograph in their publica-
tion about the ACL shows a small retractor which had been passed 
round the antero-medial bundle via the abovementioned fissure. This 
separation seems rather artificial because normally a fissure-like 
medial outlet of this passage is not identifiable. 
- Descriptions of the course of the bundles vary. Kapandji (1970) 
connected the posterior bundle of the ACL with the proximal instead 
of the distal pole of the femoral attachment. As a consequence, the 
ACL assumed a strangely twisted appearance in the lateral view. 




Posterior view of the PCL with 
the reinforcing band between the 
Fig. 1.12 
Lateral view of the PCL with the 
antero-lateral bundle between the 
arrows 
Fig. 1.13 
Anterior view of the PCL with the 
postero-medial bundle between 
the arrows 
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- The difference in length between the anterior and the posterior bundle 
of the ACL was already described by Fick (1904): about 30 mm versus 
20 mm. 
1.2.2.2 Posterior cruciate ligament 
The PCL fans out from the virtually square tibial to the oblong femoral 
attachment (figures 1.11 and 1.12). In the posterior view the oblique 
reinforcing band stands out (arrows in fig. 1.11), which takes the same 
course as the dissected menisco-femoral ligament of Wrisberg. Both in 
the anterior and in the posterior view the PCL shows a largely parallel 
course of fibres. 
The PCL can be divided into two only artificially distinguishable 
bundles: an antero-lateral bundle from the femoral anterior pole to the 
lateral part of the tibial attachment (arrows in fig. 1.12) and a postero-
medial bundle from the femoral posterior pole to the medial part of the 
tibial attachment (arrows in fig. 1.13). The reinforcing band functions in 
unity with the postero-medial bundle. 
Comment: 
- The oblique reinforcing band is not found in all anatomy textbooks, 
but the structure has been clearly depicted by the German anatomist 
Henle (1872) (fig. 1.14) and also by Kennedy and Grainger (1967). 
Girgis et al. (1975) pointed out that this band gave the PCL a twisted 
appearance. 
- The menisco-femoral ligaments of Wrisberg and Humphrey extend 
past the posterior and the anterior aspect of the PCL, respectively, and 
connect the posterior horn of the lateral meniscus with the medial 
femoral condyle. These ligaments are not always present, although 
Brantigan and Voshcll (1941) always found at least one of the two. 
Girgis et al. (1975) reported that they were absent in 30% of the knees 
they examined, that both ligaments were present in some and only one 
(mostly the ligament of Wrisberg) in the remainder. Palmer (1938) 
observed that they move free from the surface of the PCL and 
influence the lateral meniscus independently of the PCL. 
1.2.3. Tensing and relaxation of the cruciate ligament bundles in flexion-
extension 
The tensing and relaxation of the CL bundles was observed in knee 
specimens completely stripped of their capsule. This invites some justified 
criticism of these observations, because the investigator could produce 
more or less tensing of the ligaments at will. Despite this subjective 
element, however, the observations could serve as a guideline for 
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Figure 1.14 
Postero-lateral view of the PCL after Henle (1872). 
subsequent studies. In particular the rotational movements of the 
femoral attachments of the CL seemed of importance for tensing and 
relaxation; the tibia was kept immobile. 
1.2.3.1 Anterior cruciate ligament 
In maximal extension the distal pole of the femoral attachment moves 
upward, causing the postero-lateral bundle (the bulk of the ligament) to 
tense (fig. 1.15). In flexion the reverse takes place: after 20-30° flexion the 
femoral attachment assumes a vertical position and the distal pole moves 
distally — an effect further enhanced by the diminution of the radius of 
curvature of the femoral condyle at the point of contact with the tibia. All 
in all, this results in relaxation of the postero-lateral bundle (arrow in fig. 
1.16). The antero-medial bundle, however, tenses in flexion. It is hardly 
possible to indicate at which degree of flexion the postero-lateral bundle 
relaxes and the antero-medial bundle tenses. The entire ACL is often 
described as relaxed in the initial phase of flexion. In the case of an 
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Fig. 1.15 
The ACL in full extension; the 
postero-lateral bundle is tensed 
Fig. 1.16 
In semi-flexion the postero-lateral 
bundle of the ACL relaxes, as 
shown by the plication of the 
posterior margin of the ligament 
(arrow) 
Fig. 1.17 
In full flexion the antero-medial 
bundle of the ACL is extremely 
tensed (arrows) 
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anterior drawer movement in flexion the antero-medial bundle is the first 
to tense; whether it also does in an intact knee is a moot question. Further 
flexion to 90° (fig. 1.17) causes maximal tensing of the antero-medial 
bundle and marked relaxation of the postero-lateral bundle. In extension 
the tensed part of the ACL is in a posterior peripheral, and in flexion it is 
in an anterior central position. 
Comment: 
- Most investigators (Weber and Weber 1836; Pick 1911; Palmer 1938; 
Rainaut and Trillat 1959; Bousquet 1969) found the antero-medial 
bundle tensed in extension, and the postero-lateral bundle in flexion. 
Detailed studied by Girgis et al. (1975), Marshall et al. (1975) and 
Figure 1.18 
Posterior view of the PCL in extension; the arrows point at the tensed postero-medial 
bundle and the oblique reinforcing band; the pencil indicates the relaxed antero-lateral 
bundle. 
Figure 1.19 
Lateral view of the PCL in semi-flexion; the postero-medial bundle and the reinforcing 
band are relaxed, as shown by the plication. 
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Furman et al. (1976) led to the opposite conclusion. Abbott et al. 
(1944) wrote: "The ACL is under great tension only in extension and 
hyperextension. It relaxes immediately after flexion has begun, thus 
allowing greater freedom of motion of the lateral femoral condyle, 
which then rolls backward on tibial plateau. It remains relaxes until 
almost complete flexion is reached, when the long antero-medial fibres 
tighten". 
1.2.3.2 Posterior cruciate ligament 
Maximal extension causes the posterior pole of the femoral attachment to 
move proximally, and this causes the postero-medial bundle and the 
oblique reinforcing band to tense (arrows in fig. 1.18). The antero-lateral 
bundle, however, is relaxed in extension, as demonstrated by the touch of 
a pencil and the plication of the anterior aspect of the PCL (fig. 1.20). In 
Figure 1.20 
Anterior view of the PCL in virtually full extension; the antero-lateial bundle is relaxed, 
as shown by the plication. 
Figure 1.21 
Anterior view of the PCL in flexion; the antero-lateral bundle tenses and the plication 
disappears. 
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flexion the posterior pole moves distally and the anterior pole proximally, 
causing the postero-medial bundle and the reinforcing band (arrows in 
fig. 1.19) to relax and plicate, whereas the antero-lateral bundle tenses 
and loses its plication (Fig. 1.21). In extension the tensed part of the PCL 
is in a posterior and peripheral position, while in flexion it is in an anterior 
and central position. In flexion the nearly touching central parts of both 
CL tense. 
Comment: 
- Bousquet (1969) maintained that all fibre bundles of the PCL tense in 
complete extension — a statement which seems at odds with the 
observations just described. 
1.2.4 "Torsion" of the cruciate ligaments 
"Torsion" or helix formation can be defined as a twisting of the fibre 
bundles of a ligament around each other as a result of opposite rotations 
of the two attachments. The CL, too, show this intraligamentary 
"torsion". Like the fibre bundles, the ligaments per se can twist around 
each other, in which case the term interligamentary "torsion" applies. 
The terms exorotatory and endorotatory "torsion", based on the rotation 
of the tibial attachment, are unequivocal and can be used both for the left 
and for the right knee. 
1.2.4.1 Intraligamentary "torsion" of the cruciate ligaments 
The "torsion" of a cable can be defined as the relative degrees of rotation 
of the cable ends round the longitudinal central axis, measured from the 
situation characterized by a parallel course of the cable strands or fibres. 
This definition is quite acceptable also for the CL. It is true that the 
longitudinal central axis (midline) shifts during knee movements, but the 
rotations of the attachments round this midline continue to be simply 
determinable from the projections of the attachments on a plane 
perpendicular to the midline (an unequivocal mathematical definition of 
this intraligamentary "torsion" will be presented in subsection 4.5.7). 
In extension the ACL seems to show some exorotatory "torsion"; by 
executing an endorotation the fibres can be given a parallel course (fig. 
1.22). 
The same would seem to apply to the PCL: some exorotatory 
"torsion" in extension (fig. 1.23). These observations are qualitative and 
require substantiation by objective measurements. The "torsion" in 
extension is slight. The effect of flexion on the "torsion" is readily 
conceivable when one imagines the rotation of the femoral attachments 
(figures 1.22 and 1.23): 
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Figure 1.22 
Model of the tibial plateau with the ACL. The midline M, perpendicular to the plane of 
drawing, connects the centre of the femoral attachment AC with the centre of the tibial 
attachment BD. The rotation of these attachments round the midline can be regarded as 
"torsion"; the "angle of torsion" equals the angle between the projections of the attach-
ments on a plane perpendicular to midline M. In extension the ACL seems to show 
exorotatory "torsion"; rotation of the tibia round the midline over angle-a causes the 
fibres to assume a parallel course. 
Figure 1.23 
Model of the tibial plateau with the PCL. The midline M connects the centre of the 
femoral attachment EH with the centre of the tibial attachment OF. In extension the 
PCL seems to show exorotatory "torsion". 
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- ACL: upon increasing flexion the angle between the projections of the 
femoral and tibial attachments increases, resulting in increased exoro-
tatory "torsion". 
- PCL: upon flexion the projections of the attachments initially seem to 
be superposed, and "torsion" disappears; further flexion seems to 
result in some endorotatory "torsion". 
Comment: 
- The Weber brothers (1836) already mentioned the increasing "tor-
sion" of the ACL upon flexion. 
- Palmer (1938) pointed out the opposite effects of flexion on "torsion" 
in the CL: "The superior (=femoral) attachments result in the bands 
(CL) being twisted upon flexion. They are twisted around their 
longitudinal axis and in opposite directions since they are attached to 
opposite surfaces". 
- Hughston (1969) described a twisting of the fibres of the PCL in 
endorotation, and held this endorototatory "torsion" responsible for 
the increase in stability. 
- Bousquet (1969), however, thought that the "torsion" of the PCL 
inhibited exorotation: exorotatory "torsion". This seems to be in 
agreement with the fibre orientation shown in fig. 1.23. 
- Aim et al. (1974) measured the "torsion" in the ACL. Free suspension 
of the tibia from the ACL under the femur in 90° flexion caused 110° 
tibial endorotation, indicating significant exorotatory "torsion" of the 
ACL in 90° flexion. In their load tests they established that the 
"torsion" of the ACL influenced the tensile strength of the ligament. It 
is difficult to estimate the effect of "torsion" in the intact knee, 
because in all degrees of flexion only some of the fibres of the CL are 
tensed. 
1.2.4.2 Interligamentary "torsion" of the cruciate ligaments 
Like the fibre bundles, the ligaments per se can twist around each other. 
The antero-medial bundles of the ACL and the antero-lateral bundle of 
the PCL adjoin each other at the centre of the knee. These bundles tense 
in flexion, and only then does a "torsion" effect seem to be involved. 
Direct observation of the CL in flexion demonstrates that the synovial 
linings of the CL touch at the centre of the knee. After removal of the 
knee capsule the CL show a marked tendency to unwind in exorotation. 
Forced endorotation tautens such a knee specimen, but it is not quite 




- Fick (1911) already described the twisting of the CL around each other 
in endorotdtion 
- Others (Wheeler Haines 1941, Bousquet 1969) pointed out that a force 
couple in the CL in the final phase of extension caused tibial 
exorotation Exorotation was thought to cause relaxation, and cndo-
rotation to cause tensing 
- To the abovementioned theoretical explanations of the tautening of 
the knee in endorotation, Hughston (1969) added intraligamentary 
"torsion" in the PCL 
1.2.5 Three-dimensional orientation of the cruciate ligaments 
The resistance of a ligament to femoral or tibial displacement is largely 
determined by its orientation and by the angle of incidence of the external 
force The three-dimensional orientation of the CL is best reflected by the 
projections on the planes of a coordinate system It is possible to some 
extent to read per plane which displacements are inhibited, because they 
take place in the direction of CL traction 
A The projections of the CL in the transverse plane are virtually parallel 
(fig 1 24A), upon flexion the projection of the ACL lengthens while 
that of the PCL shortens Drawer movements lie in the direction of the 
CL traction, but lateral movements do not The capsule and the CL do 
contribute to inhibition of lateral forces via the effect of rising against 
the intercondylar eminence The effect of the CL on rotation has 
already been discussed under the heading of interligamentary "tor­
sion" (1 2 4 2) The force couple active in the tensing of the CL is 
indicated in fig 1 24A, tensing of the CL exerts traction on the tibial 
attachments, resulting in exorotation 
В The sagittal projections show the decussate aspect of the CL (fig 
1 24B) and the unmistakable change of orientation in flexion The 
steepness of the PCL increases m flexion, while that of the ACL 
diminishes This change in steepness has implications for the resistance 
to external forces in a flexed knee a more horizontal ACL affords 
better resistance to an anterior drawer force than a more vertical PCL 
to a posterior drawer force Distraction is inhibited by both CL, the 
steep PCL seeming to be more important in flexion Rotation in the 
sagittal plane (= flexion and extension) is inhibited only at the 
extremes of excursion 
С The frontal projections of the CL cross at the midline of the tibial 
plateau (fig 1 24C) Both inhibit distraction Inhibition of the lateral 
movement seems to be at odds with their direction of traction, but they 
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Figure 1.24 
Three-dimensional orientation of the CL, schematically represented with the aid of 
projection on the planes of a coordinate system. 
A Projection on the transverse plane; the arrows on the CL indicate tensing, resulting 
in traction on the tibial attachments and exorotation. 
В Projection on the sagittal plane. 
С Projection on the frontal plane. 
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nevertheless produce this effect via the rising against the intercondylar 
eminence of the femoral condyles Rotations in the frontal plane (= 
abduction and adduction) take place round an axis in the lateral and 
the medial femoral condyle, respectively These rotations imply dis-
traction, and are inhibited by the CL Both CL play a role in extension 
(given virtually equal steepness), but in flexion the more horizontal 
ACL seems less important than the steep PCL 
Comment 
- The steepness of the CL has been variously described, and conclusions 
have sometimes been attached to it Girgis et al (1975) described the 
course of the ACL in the sagittal plane as less steep than that of the 
PCL, and concluded that it chiefly inhibited anterior drawer move-
ments 
- Home and Parsons (1977) measured the steepness of the ACL from 
roentgenograms and found a highly irregular pattern The ACL was 
steeper at 90° flexion than at 0°, 15° and 30°, they gave no explanation 
of this finding Maximal and minimal steepness differed by 25° 
1.3 LIMITATIONS OF ANATOMICAL STUDIES Oh THE CRUCIATE LIGA-
MENTS, AIM OF THE PRESENT STUDY 
Most anatomical studies involved dissection and manipulation — meth-
ods which yielded abundant qualitative data on the CL Hypotheses on 
the behaviour of the CL were advanced in steady succession on the 
tensing and relaxation of the CL bundles, on the occurrence of "torsion", 
on the changes in the orientation of the CL during flexion-extension and 
rotation As knee movement influences the behaviour of the CL, so also 
do the CL in turn influence knee movement Many functions have been 
assigned to the CL They were frequently regarded as inhibitors of 
extreme, unphysiological movements, and their role as guides of normal 
knee movement was also emphasized 
Many anatomical studies, however, were not substantiated by objective 
quantitative data obtained by measurements Good anatomical research, 
on the other hand, should preceed all attempts to obtain such data 
Changes in the length of the ligaments are associated with changes in 
resistance, and these changes in length are readily accessible to objective 
measurement Direct measurements of forces of resistance in ligaments, 
particularly in an intact knee, are hardly feasible Beauchamps and 
Launn (1976) expressed this wish "Thus it seems essential to find a 
technique for measuring the tension on the cruciate ligaments in the 
different normal anatomical positions to end the uncertainty on the 
subject" An attempt at such direct measurements has only recently been 
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Figure 1.25 
Schematic representation of the marking of the CL bundles for measurement of the 
changes in bundle length in normal knee movements. 
undertaken (Lew and Lewis 1982; Lewis et al. 1982). 
Measuring changes in length is less complicated. The aim of the present 
study was to measure changes in the length of the various CL bundles 
during norma! flexion-extension and rotation in dissected knee specimens 
- movements produced without application of any significant forces. 
Fig. 1.25 is a schematic representation of the anatomical basis of this 
study. The following bundles were marked with small tantalum pellets: 
- Line AB demarcates the anterior margin of the antero-medial bundle 
of the ACL (=AAC). 
- Line CD demarcates the posterior margin of the postero-lateral 
bundle of the ACL (= PAC). 
- Line EF demarcates the anterior margin of the antero-lateral bundle 
of the PCL (=APC). 
- Line GH demarcates the posterior margin of the postero-medial 
bundle of the PCL (=PPC). 
The extreme margins of the CL were selected because changes in length 
were expected to attain their maximum here. The separation of the 
bundles in the line drawing is an artificial one (subsection 1.2.2). The 
reinforcing band of the PCL was lumped with the postero-medial bundle. 
The distance between the pellets of one pair was accepted as bundle 
length, disregarding the fact that the bundles might not take an entirely 
parallel course as a result of "torsion". The distance between the pellets 
was measured indirectly during knee movements, using roentgen stereo-
photogrammetric measuring methods. 
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CHAPTER 2 
THE CLINICAL LITERATURE AND THE MECHANICAL BE-
HAVIOUR OF THE CRUCIATE LIGAMENTS 
The literature on CL lesions is extensive, chaotic and above all contro-
versial, raising the question whether it is really possible to obtain more or 
less reliable data on the mechanical behaviour of the CL from these 
clinical observations. 
From the earliest reports on, clinicians wondered which forces were 
involved in CL lesions and whether specific traumatic mechanisms might 
be demonstrable. Could CL ruptures after an accident be clinically 
identified on the basis of excessive mobility or instability of the knee, 
suggesting abolition of ligamentary resistance to testing external forces? 
These questions raised the matter of the mechanical behaviour of the CL. 
By carefully reconstructing accident forces and by relating the beha-
viour of the knee in preoperative stability tests to peroperative observa-
tions on the integrity of the ligaments, many clinicians managed to gain 
an empirical impression of the functioning of the CL, even though their 
conclusions were nearly always only qualitative. 
In 1895 Mayo-Robson was among the first to suture an old rupture of 
both CL, and in 1903 he described as final result: "a perfectly strong leg". 
Pagenstecher (1903) diagnosed an isolated rupture of the ACL or the 
PCL in three patients, but perusal of the case reports would seem to 
suggest that other ligament lesions may have been involved as well. In his 
efforts to elucidate the mechanism underlying ACL ruptures he produced 
such ruptures experimentally by striking a strong blow against the 
posterior aspect of the tibia and by hyperflexion-adduction-endorotation. 
Hogarth Pringle (1907) examined two patients with marked abduction 
laxity after a violent blow against the lateral aspect of the knee, and 
found only ACL ruptures. He suggested flexion-abduction-endorotation 
as possible traumatic mechanism, pointing out that upon marked 
abduction the ACL was pulled over the inner edge of the lateral femoral 
condyle. He doubted whether isolated CL ruptures existed: "Abnormal 
abduction of the leg on the femur I am inclined to attribute to rupture of, 
at any rate, the deep fibres of the internal ligament". 
In 1913 Goetjcs summarized the early literature on CL lesions in a 
description of 30 collected cases. Many controversial views were already 
apparent at that time, and the enigmatic behaviour of the CL has caused 
some of these controversies to persist even today. Did isolated CL 
ruptures occur? Goetjes thought that an isolated ACL rupture might 
result from hyperflcxion-adduction-endorotation, and an isolated PCL 
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rupture from hyperextension and from forced posterior displacement of 
the tibia in relation to the femur. He nevertheless cast doubt on the 
existence of isolated CL lesions, pointing out that in cadaver studies other 
structures often ruptured along with the CL and that, in patients treated 
after a long delay, lesions might seem isolated because capsule ruptures 
had already healed. Corner (1914) shared this view. 
Since this early period the following aspects of CL lesions have been 
the subject of a lively discussion, in which the mechanical behaviour of 
these ligaments played an important role: 
- The traumatic mechanism and, in this context, the occurrence of 
isolated or combined CL lesions. 
- The interpretation of stability tests in CL lesions. 
- The treatment of CL lesions. 
2.1 THE TRAUMATIC MECHANISM 
The flexion-abduction-endorotation trauma described by Hogarth Pring-
le (1907) was hardly conceivable as an event of day-to-day life. Many 
authors (Smith 1918; Wittek 1927; Morian 1928; Bircher 1933) reached 
the conclusion, during the treatment of patients with knee injuries, that 
flexion-abduction-exorotation was the most common traumatic mecha-
nism. Violence against the lateral aspect of the knee was most often 
involved in accidents; it flexed and abducted the leg, while the foot 
remained immobile on the ground or floor and caused exorotation. The 
combined occurrence of an ACL rupture and a meniscus lesion as a result 
of this trauma was soon pointed out. 
Not only the views on rotation but also those on the effects of 
hyperextension changed. While initially Goetjes had identified hyperex-
tension as the cause of an isolated PCL rupture, Wittek (1927) considered 
hyperextension to be the cause of a more or less isolated lesion of the 
ACL. The various cadaver studies (Hönigschmied 1893; Pagenstecher 
1903; Hulten 1929) have certainly contributed to a better understanding 
of the traumatic mechanism. Hulten, for example, supported the clinical 
findings by demonstrating that hyperextension caused an ACL lesion 
more frequently than a PCL lesion (and the latter only in combination 
with the former). 
However, inexplicable differences persisted between the experiments 
and the real injuries. In abduction tests the MCL, PCL and ACL 
ruptured in succession, whereas abduction injuries often involved an 
ACL lesion and less frequently a lesion of the PCL. Palmer (1938) in 
particular stressed the limited value of cadaver experiments for clinical 
work. In many of these experiments only rotational forces were used, 
whereas real injuries always involved axial forces (inertia and muscle 
contractions), which in addition to compression of the articular surfaces 
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also caused shearing forces. It was difficult to imitate these axial forces in 
experiments. 
One of Palmer's great merits was his classification of the various 
traumatic mechanisms of the knee (1938). In his opinion the patient was 
seldom able to give an exact description of the rotatory movements of the 
knee during the trauma; but the patient usually could remember the 
circumstances in which the injury was sustained, and this made it possible 
to some extent to reconstruct the external forces involved. Clinical 
observations led Palmer to four important traumatic mechanisms, the 
first three of which he imitated in cadaver experiments to facilitate a 
study of the sequence of the various band ruptures. 
2.1.1 Hyperextension 
Hyperextension is caused by direct violence against the anterior aspect of 
the extended knee or by a fall with the knee extended, in which the axial 
force causes the knee to hyperextend. The experiments revealed the 
following sequence of events: 
- partial rupture of the posterior capsule, 
- rupture of the posterior fibres of the PCL, 
- rupture of the entire ACL, this being the principal lesion. 
In the experiments only small fragments were detached from the tibial 
attachment, whereas in real hyperextension injuries a large fragment 
often became detached. Palmer explained this difference from the axial 
compression of the articular surfaces during the real injury, which caused 
small cancellous bone fractures in the vicinity of the intercondylar fossa. 
The lesions of the PCL and the posterior capsule were of subordinate 
importance, even to the extent of making the ACL lesion seem isolated. 
2.1.2 Flexion-abduction-exorotation 
This most common lesion is sometimes caused by violence against the 
unprotected lateral aspect of the knee, and often also by forceful 
exorotation of the leg with the foot fixed and the knee flexed (e.g. 
rotation of the body on the standing leg in football, or rotation of the leg 
caused by a blocked ski). Palmer observed the following sequence of 
events: 
- rupture of the MCL, causing lateral displacement of the axis of tibial 
rotation; exorotation round this axis virtually meant an anterior 
drawer movements of the proximal tibia; 
- rupture of the ACL and often avulsion of the femoral attachment; 
apart from the anterior displacement of the tibia, the fact that the 
ACL was stretched over the inner edge of the lateral femoral condyle 
led to rupture; 
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- partial rupture of the PCL with increasing abduction. 
With the MCI the deep medial capsule also ruptured, causing the 
meniscus to become detached from its peripheral anchoring. 
While early authors (Wittek 1927; Morían 1928) had pointed out the 
combination of a meniscus lesion with an ACL lesion, it soon became 
evident that in particular the lesion of the MCL and the medial capsule 
caused the meniscus to become involved in the combined injury (Bircher 
1933; Campbell 1936; Palmer 1938). Later, O'Donoghue (1950) intro-
duced the striking term "unhappy triad" for this situation. Kennedy and 
Fowler (1971) obtained more detailed data on the sequence of rupture of 
the medial capsule structures; in exorotation-abduction tests they ob-
served, first rupture of the deep capsule and then rupture of the MCL, 
followed by rupture of the ACL. 
2.1.3 Flexion-adduction-endorotation 
This lesion, caused by violence against the medial aspect of the knee, is 
less common because the contralateral extremity affords a degree of 
protection. Palmer observed the following sequence: 
- rupture of the lateral collateral ligament (LCL), 
- rupture of the ACL, often of the tibial attachment, 
- rupture of the tendon of the popliteus muscle. 
2.1.4 Forced posterior displacement of the proximal tibia 
This lesion occurs when a motor cyclist or a skier entangles his leg in an 
obstacle. Rupture, avulsion or avulsion fracture of the PCL often occurs. 
Some authors described this mechanism as the cause of an isolated PCL 
rupture (Palmer 1938; Abbott et al. 1944), while others (Kennedy and 
Grainger 1967; Trickey 1968; Hughston et al. 1976) also mentioned 
lesions of the posterior capsule and the posterior parts of the medial and 
the lateral capsule, dependent on the extent of the violence involved. 
2.1.5 Other possible mechanisms 
Palmer considered it quite possible mechanisms other than the four he 
described might be identified with increasing clinical experience. Abbott 
et al. (1944) mentioned hyperflcxion, hyperrotation and forced posterior 
displacement of the femur in relation to the tibia as possibilities, but 
attached no great importance to them. 
Reports continued to be published in particular on isolated ruptures of 
the ACL. Helfet (1948) and Smillie (1951) suggested forced extension in 
association with a blocked final rotation as a possible variant of the 
hyperextension mechanism described by Palmer (1938). In the final phase 
of extension the tension in the CL sought an outlet in an automatic 
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exorotation of the leg; if this were blocked by abnormal rotation of the 
foot and leg or by a bucket-handle rupture of the meniscus between 
femoral condyle and intercondylar eminence, then excessive tensing of 
the ACL might cause rupture. A virtually identical effect was described as 
a result of forced extension with cndorotation of the leg (McMasteret al. 
1974; Wang et al. 1975; Furman et al. 1976). Feagin et al. (1972, 1976) 
described isolated ruptures of the ACL after abrupt deceleration and 
rotation: usually exorotation-abduction lesions. Later (1979), however, 
they withdrew the adjective "isolated" because other lesions had mean-
while come to the fore. The isolated CL lesion continued to be difficult to 
verify as a clinical entity. 
2.1.6 Implications 
What are the implications of these traumatic mechanisms in terms of CL 
functions? The CL proved to offer resistance especially to forces in the 
sagittal plane (hyperextensive forces and translation forces such as 
anterior and posterior drawer forces). The exorotation in flexion-
abduction-exorotation lesions and the cndorotation in flexion-adduction-
endorotation lesions — causing lateral and medialdisplacementof the axis 
of rotation, respectively — actually meant for the CL an anterior drawer 
movement (Bousquet 1969). This placed the ACL in the frontline against 
the two types of rotation. Given an intact axis of rotation the CL seemed 
to inhibit cndorotation; excessive cndorotation in combination with 
hyperexlension might cause an isolated ACL rupture. 
2.2 STABILITY TESTS 
Many methods of testing the ligaments of the knee have been described, 
but the conclusions based on these stability tests are marred by the lack of 
quantitative data. Several types of instability were described, but not all 
authors defined them in the same way, and not all associated them with 
the same ligament lesions. Considering this confusion, Graham Apley 
(1980) advocated the introduction of simple descriptive terms for abnor-
mal mobility of the tibia in relation to the femur. The simplest solution 
would seem to be to observe the testing movements (rotations and 
translations) in the sagittal plane (drawer movements and hyperexlen-
sion), in the frontal plane (abduction and adduction) and in the 
transverse plane (cndorotation and exorotation). 
2.2.1. The sagittal plane 
Although the early anatomical experiments had clearly related anterior 
and posterior drawer instability on the one hand to ruptures of the ACL 
and PCL, respectively, on the other hand, reports contradicting this soon 
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appeared in the clinical literature. Not infrequently, ACL lesions were 
observed in patients who had shown no preoperative anterior drawer 
phenomenon in 90° flexion (Wittek 1927; Morían 1928; Lenggenhager 
1940; McMaster et al. 1974; Trickey 1976). Some authors in fact 
maintained that the anterior drawer was of no importance in the 
diagnosis of ACL ruptures (Hughston 1969; Robichon and Romero 
1968). These negative drawer tests were explained by the fact several 
anatomical structures contributed to maintenance of anterior stability. 
Noyes et al. (1980) and Butler et al. (1980) in this context introduced the 
terms primary and secondary resistance to external forces. Thus the 
anterior drawer test might be negative in the case of an ACL rupture if 
the external force was insufficient to overcome the secondary resistance. 
The force applied in manual tests was often small. On the other hand 
there remained some convinced advocates of the value of a drawer test 
executed with sufficient force in the diagnosis of an ACL lesion, and they 
substantiated their view with reliable clinical observations (Marshall et al. 
1975; Jacobsen 1981). 
The secondary resistance was provided by the medial and lateral 
capsule structures, while the posterior horn of the medial meniscus also 
played a role in this respect (Slocum and Larson 1968). Bousquet (1969), 
trying to find the test position which permitted a maximal anterior 
drawer sign after division of various ligaments, concluded that the knee 
was best tested in 60° flexion (not in 90°). In 60° flexion the angle between 
the condyle and the superior side of the posterior horn of the medial 
meniscus proved to be wider than in 90°, and this was why in 60° flexion 
the meniscus inhibited the anterior drawer at a later time, thus interfering 
less with interpretation in terms of ligament lesions. Torg et al. (1976) 
described an anterior drawer test in 15° flexion (the Lachman test), which 
in their opinion demonstrated insufficiency of the ACL in a more reliable 
and reproducible manner than the conventional test in 90° flexion. They 
gave three reasons for this improvement: 
- no obstruction by the posterior horns of the menisci (see Bousquet 
1969); 
- 15° flexion is a more relaxed position in the case of an acute lesion 
than 90° flexion, which gives rise to additional resistances; 
- no resistance from the hamstring muscles, which in 15° flexion pull 
virtually parallel to the longitudinal axis of the tibia and therefore can 
hardly inhibit the anterior drawer. 
Especially an acute lesion with haemarthros and increased muscle 
tension was better examined with the Lachman test. In addition quick 
action, aspiration of the haemarthros and some form of anaesthesia 
remained very important (Palmer 1938; Jacobsen 1981). 
How reliable was the posterior drawer as an aid in the diagnosis of a 
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PCL lesion? Initially there was hardly any doubt about this correlation 
(Hey Groves 1921; Palmer 1938; Abbott et al. 1944; Trickey 1968), but 
subsequently some authors presented more nuanced views. Kennedy and 
Grainger (1967) found a distinctly positive posterior drawer especially if 
the MCL as well as the PCL showed excessive laxity. Hughston et al. 
(1976) compared their preoperative and peroperative findings and de-
scribed a negative posterior drawer test in 14 of the 18 patients with an 
acute PCL lesion. In these cases the intact posterolateral capsule (more 
specifically the arcuate ligament) was believed to provide secondary 
resistance. A posterior drawer indicated a PCL rupture, but a negative 
drawer test did not exclude a PCL lesion. A comparable conclusion was 
drawn with regard to the anterior drawer and the ACL (Jacobsen 1981). 
After the experiments of Palmer (1938) the third form of instability in 
the sagittal plane — hyperextension — seemed to pose no problems of 
interpretation: it primarily indicated a lesion of the ACL (Hughston 
1969). But again there were many false-negative tests. Palmer could 
demonstrate hyperextension in only one of his patients with an acute CL 
lesion. Hughston et al. (1976) virtually never found hyperextension in 
patients with intact CL, but some 50% of their patients with ruptures of 
both CL showed no hyperextension either. 
All tests in the sagittal plane, therefore, could be negative in the case of 
a rupture. A more extensive lesion, involving CL and capsule, seemed 
more likely to lead to positive tests in the sagittal plane (due to 
disappearance of secondary resistances) than more or less isolated lesions 
of the CL, which could produce false-negative tests. In particular the 
Lachman test seemed an asseti in the diagnosis of ACL ruptures because 
it eliminated some resistances which could lead to false-negative anterior 
drawer tests. 
2.2.2 The frontal plane 
The interpretation of stability tests in this plane (abduction-adduction, or 
valgus-varus) hardly changed after Palmer's publication of 1938. Ab-
normal abduction or adduction in extension indicated a lesion of both the 
deep capsule and CoL and the CL. In slight flexion frontal instability 
primarily implied a lesion of the deep capsule and the CoL, and in severe 
injuries of the CL as well (Kennedy and Fowler 1971; Jacobsen 1981). 
The MCL proved to be the principal stabilizer against abduction forces 
(Warren et al. 1974). 
2.2.3 The transverse plane 
Application of rotatory movements round the longitudinal axis of the leg 
in order to diagnose rotational instability has hardly been used in clinical 
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practice. The approach to this form of instability was usually different. 
Palmer (1938) observed in his patients with CL lesions that the leg rotated 
when there was an anterior drawer sign: "An increased rotation in flexion 
is actually one manifestation of the drawer sign, and consequently these 
two symptoms should be found to be parallel". Asymmetrical drawer 
signs implied rotation of the tibia with more forward displacement of 
either the medial or the lateral plateau. Many authors pointed out that 
rupture of the medial capsulo-ligamentary structures produced the 
anterior drawer of the medial tibial plateau, which essentially was an 
exorotatory movement round an axis localized in the lateral compart-
ment of the knee (Palmer 1938; Lenggenhager 1940; Kennedy and Fowler 
1971; Hughston et al. 1976; Trickey 1976; Ellison 1977). 
In 1968 Slocum and Larson introduced the term rotatory instability 
and described how this could be diagnosed by means of a drawer test. 
The anterior drawer test was executed with the foot and leg in three 
different positions of rotation, but the relation between foot and leg was 
not clearly defined (Jacobsen 1981): 
- 30° endorotation of the foot — the position in which intact, tensed 
lateral capsule structures inhibited any forward movement even when 
the medial capsule and the ACL were ruptured ("tight position of the 
knee"); 
- 15° exorotation of the foot — the most relaxed position ("loose 
position of the knee"); an increased anterior drawer in this position 
indicated rotatory instability, primarily due to a lesion of the medial 
capsule structures; 
- neutral rotation position, in which marked displacements indicated an 
ACL rupture. 
The interpretation of these manual Slocum tests has changed some-
what. Today, insufficiency of the ACL is regarded as an integral 
component of instability in endorotation and also as a component of the 
more serious forms of instability in exorotation. 
Kennedy and Fowler (1971) were the first to design what they called a 
"stress machine" for examination of the knee ligaments; this apparatus 
was used to record tibial displacements in response to external forces on 
roentgenograms for objective measurements. These roentgenograms 
were used to determine: whether both tibial condyles showed the same 
amount of forward displacement during the anterior drawer test; whether 
one of the condyles showed more displacement than the other, as in a 
drawer movement with rotation; or whether only one of the condyles 
moved as a result of rotation. During the drawer test the apparatus 
permitted free rotation of the knee. Rotation of the foot in advance, as in 
the Slocum test, did not change the displacements measured; the knee 
moved and rotated to the same end-position. What, then, was the 
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significance of the rotation in advance in the Slocum test? 
In clinical practice it proved to be less difficult to observe two 
successive movements — rotation and drawer movement — than two 
simultaneous movements. There is no essential difference from a drawer 
test, which likewise permits free rotation. 
The drawings published by Castaing et al. (1972) clearly demonstrate 
what happens in successive rotation and anterior drawer movement; 
these authors stressed the importance of the tensing of the CL in 
endorotation (fig. 1.3 ABC, Dejour et al. 1974). 
Slocum and Larson (1968) described endorotation as "tight position" 
and 15° exorotation as "loose position". Bargar et al. (1980) confirmed 
by in-vivo measurements that the anterior drawer was maximal in 15° 
exorotation. The proper interpretation of the Slocum test seemed to be as 
follows: in endorotation the antero-lateral capsule (al) as well as the ACL 
was tested, in exorotation primarily the antero-medial capsule (am, 
including the MCL), and in larger displacements the ACL; in the neutral 
position the ACL in particular was tested, with in addition the am. and 
the al. 
A posterior drawer test following rotation was less frequently executed 
in clinical practice. Castaing et al. (1972) pointed out that a posterior 
drawer sign never occurred in the presence of an intact PCL, regardless of 
the position of rotation. Could the lateral or the medial tibial plateau 
rotate abnormally far backward without a PCL lesion? Hughston et al. 
(1976) described a posterior rotatory instability in which the lateral 
plateau showed excessive dorsal displacement due to rupture of the 
postero-lateral capsule (the arcuate ligament complex). This could be 
produced by applying an external force to the medial anterior aspect of 
the leg; the PCL remained intact and the posterior drawer sign in neutral 
position was negative. That in this form of rotatory instability the PCL 
nevertheless sustained some degree of injury was demonstrated by the 
positive drawer sign in neutral position observed by Jacob (1981). Some 
authors (Nicholas 1973) described abnormal posterior rotation of the 
medial plateau in the posterior Slocum test; others (Hughston and Ellison 
1977) refuted this form of instability. In these cases a PCL rupture was 
thought always to be predominant, as manifested by a posterior drawer 
sign in neutral position. 
Nevertheless asymmetry in posterior rotation, with more medial than 
lateral displacement, seems not inconceivable. Particularly with regard to 
abnormal rotatory movements in the transverse plane we find persistent 
controversial views — which will remain views until adequate quantita-
tive data become available. 
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2.2.4. Discussion 
The nomenclature of the various forms of instability has not always been 
very clear. Nicholas (1973) used the term "simple instability" for 
abnormal mobility in one plane, and "complex instability" for abnormal 
mobility in two or several planes. Generally speaking, ligaments exert an 
inhibitory influence in several directions, and ruptures usually involve 
instability in several planes. Only instability of very slight severity can 
become manifest in only one plane, and may be described as "simple". 
Total rupture of the medial capsulo-ligamentary structures with abduc-
tion instability is far from "simple" but is bound to involve abnormal 
mobility in the sagittal and the transverse plane as well. The "simple"/ 
"complex" distinction has a quantitative aspect, however, which is of 
value in the prediction of ligament lesions. 
Good descriptive terms for the various forms of instability were 
proposed by Hughston. To begin with he distinguished between "straight" 
and "rotatory" instability. He described abnormal mobility in the sagittal 
plane as "straight anterior and posterior instability", in the frontal plane 
as "straight abduction and adduction instability" and in the transverse 
plane as "rotatory instability", divided into four subtypes: antero-medial, 
antero-lateral, postero-lateral and postero-medial. 
Initially it was mostly the Slocum test that was used to diagnose 
rotatory instability, but other tests subsequently came to the fore to 
diagnose antero-lateral and postero-lateral instability in particular. Es-
pecially the "pivot shift test" of Galway et al. (1972) for antero-lateral 
instability became widely known. It could be used to demonstrate 
anterior subluxation of the lateral tibial plateau in extension, with rapid 
subsequent dorsal reposition in response to abduction stress and flexion. 
Insufficiency of the ACL and the midlateral capsule with intact ITB is 
responsible for the occurrence of this pivot shift phenomenon (Jacob 
1981). Yet the pivot shift phenomenon is not synonymous with antero-
lateral instability, but merely indicates anterior subluxation of the lateral 
tibial plateau; it can also occur in distinctly antero-medial and "straight 
anterior" instability, provided the lateral plateau shows anterior subluxa-
tion (Jacob 1981). For postero-lateral instability Hughston et al. (1976) 
introduced the "external rotation recurvatum" test: excessive laxity of 
postero-lateral capsule manifested itself as exorotation, recurvation and 
varus angulation of the knee when the extended leg was lifted by the big 
toe. In this form of rotatory instability Jacob (1981) described the 
"reversed pivot shift" test: posterior subluxation of the lateral tibial 
plateau followed by rapid reposition. 
The denomination of the instability observed entails the risk that these 
instabilities are regarded as well-defined clinical entities rather than as 
symptoms which are often combined with other signs of instability. The 
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Table 2.1 Survey of instability tests of the knee. 
Test 
Antcnor drawer 
(neutral rotation, 90* 
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direction of the instability is of great importance in assessing a knee, but 
so is the quantity of abnormal mobility Like Kennedy and Fowler 
(1971), Jacobsen (1981) obtained objective measurement data on stability 
in normal subjects and patients with the aid of a stress apparatus 
Roentgenograms showed the displacements of the medial and lateral 
tibial plateau during application of drawer forces Asymmetry in 
displacement indicated rotation In some instances he found displace-
ment of only one side of the plateau, in which case "simple rotatory 
instability" was diagnosed Often, however, he observed a drawer 
movement in addition to rotation, in which case the rotatory instability 
became "complex" The quantitative aspect was unmistakable a severe 
injury caused rupture of several ligaments and "more complex" instabili-
ty 
Years of clinical experience ultimately enabled many investigators to 
establish a more or less acceptable correlation between preoperative 
function tests on correspondingly denominated instabilities on the one 
hand, and lesions found at operation on the other hand (table 2 1) 
Castamg's anatomical drawings served as a guide in the registration of 
the lesions (fig 1 3 ABC) These clinical data indicate the influence of the 
CL Some degree of uncertainty persists, however, because it is not 
always easy to make an inventory of the lesions during an operation The 
CL play a primary role in the sagittal plane and a secondary role m the 
frontal plane, in the transverse plane they sometimes play a primary 
(antero-lateral rotatory instability) and sometimes a secondary role 
One important question is to be answered in testing stability when is a 
given laxity or mobility pathological, and when is it within the limits of 
normal'7 The quantitative aspect of mobility plays a role in this respect In 
1968 the American Medical Association published the Nomenclature of 
Athletic Injuries, which included a clinically useful gradation of knee 
instabilities The data had to be obtained by manual tests and for this 
reason were not very exact The separation of tibia and femur in 
abduction and adduction tests, and the tibial displacement in drawer 
tests, were expressed in millimetres 
- up to 5 mm = + = mild instability 
- 5 to 10 mm = + + = moderate instability 
- more than 10 mm= + + + = severe instability 
This gradation produces an unjustifiable impression of accuracy More or 
less parallel with this gradation, a gradation of the severity of ligament 
lesions became accepted-
- grade I sprain = no instability, few fibres ruptures 
- grade II sprain = mild to moderate instability, incom-
plete rupture 
so 
- grade IH sprain = severe instability, total rupture of 
ligament and capsule (this group in 
particular was to be considered for 
operative therapy). 
In actual practice it was difficult to apply these gradation to patients. 
Where was the boundary between normal laxity and mild instability, or 
between partial and total rupture? With regard to the latter question, 
several authors (Torg et al. 1976; Marshall and Rubin 1977) pointed out 
an important diagnostic aid; the type of end-point in function tests. A 
totally ruptured ligament gave hardly any resistance, and at testing a soft 
end-point was felt; a virtually intact or partially ruptured ligament was 
characterized by a hard impact or hard end-point. 
The boundary between normal and abnormal was quantatively studied 
in normal test subjects with the aid of a stress apparatus (Kennedy and 
Fowler 1971; Jacobsen 1976, 1981). The former measured the medial 
laxity in 20° flexion and the anterior drawer in 90° flexion in 100 healthy 
athletes, applying a force of about 13.5 kg. Medial laxity ranged from 0.8 
mm to 3.5 mm, and the anterior drawer from 0.0 mm to 5 mm. This made 
it clear how difficult it was to interpret mild instability (+ = up to 5 mm); 
this finding was often without significance. Jacobsen (1976, 1981) used a 
force of 9 kg for abduction-adduction and one of 20 kg for the drawer 
test. The range of variation was again considerable (in 100 normal test 
subjects): 
- medial laxity : 5-12 mm 
- lateral laxity 9-17 mm 
- anterior drawer : 0-7 mm (both condyles) 
- posterior drawer 1-4 mm (both condyles). 
Separation of the drawer test of the medial from that of the lateral tibial 
plateau revealed that the lateral displacement exceeded the medial. Both 
stress apparatuses involved the use of roentgenograms, and the factor of 
magnification was not considered in the evaluation. In view of the wide 
range of variation of normal values it remained difficult to identify 
individual values as normal or abnormal. Comparison with the intact 
contralateral knee seemed more important than the absolute value of a 
laxity. Jacobsen considered the difference to be pathological if it 
exceeded 2 mm in abduction-adduction tests and 3 mm in drawer and 
rotation tests. When the comparison is made manually, however, the 
outcome remains somewhat uncertain. Clinical experience can compen-
sate this to some extent, provided the testing procedure is carried out 
under adequate analgesia (Palmer 1938; Jacobsen 1981). 
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2.3 THE BEHAVIOUR OF THE CRUCIATE LIGAMENTS AND THE THERAPY 
OF CRUCIATE LIGAMENT LESIONS 
Although a detailed description of the various methods used in the 
treatment of CL lesions is not within the scope of a study of the 
mechanical function of the CL, it is nevertheless interesting to outline the 
changes in therapeutic insights which parallelled the evolution of views 
on CL function. 
First of all the question arose whether the CL were really important. 
Views on the CL ranged from "the importance of these ligaments in 
maintaining stability is negligible" (Darrach 1935) to "rupture of the 
ACL with or without associated lesions is one of the most serious injuries 
of the knee-joint" (Liljedahl et al. 1965). In a similar way advice 
concerning the therapy of CL lesions ranged from abstention to the 
fullest possible restoration or reconstruction. While initially many clini-
cians were inclined to take the former view, a change has occurred in the 
past four decades. The great importance of the CL for the integrity of the 
knee became more arid more evident. McDaniel and Dameron (1980) 
performed a follow-up on a large group of patients with untreated ACL 
lesions and established the loss of 50% of all the menisci in this group. 
Some ruptured primarily in the accident, and others ruptured later as a 
result of the ACL insufficiency. 
A similar percentage of meniscal lesions was found at the Nijmegen 
University Department of Orthopaedics in patients treated for ACL 
insufficiency by a Macintosh procedure (Van Dijk and Bots 1979). 
Marshall (1969) and Marshall and Olsson (1971) observed proliferative 
degenerative changes after experimental severance of the ACL in dogs. 
McDaniel and Dameron (1980) found degenerative chondral changes in 
19% of their patients but ascribed these changes to the excised menisci 
rather than to the CL insufficiency. 
Therapeutic insights developed along with the views on the functional 
importance of intact CL for the knee. Robert Jones and Smith (1913) 
stated: "We are of opinion that in a case of recent rupture of one or both 
crucials, fixation of the knee for a period of three to six months offers the 
best chance of recovery, and that immediate operation should not be 
resorted to". This statement shows that conservative therapy was initially 
preferred. In patients with chronic CL insufficiency, however, this 
approach produced no result and consequently the tendency to operate 
on these patients increased. Operation often revealed that no or not 
sufficient ligamentary tissue was available for a proper suture and that 
consequently a substitute was required. The first CL reconstructions were 
described by Hey Groves (1917, 1921): he used the ITB for the ACL, and 
the tendon of the semitendinous muscle for the PCL. His initial proposal 
(1917) was to detach these autologous substitutes from the tibia at the 
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distal end, guiding them through the centre of the knee via drill tracts and 
finally suturing them back onto the tibia. 
Smith (1918) proposed to leave the distal insertion intact and detach 
the tissues proximally — a suggestion taken over by Hey Groves in his 
classical publication in 1921. For the ACL a tibial and a femoral hole 
were drilled, while for the PCL only a femoral hole sufficed. Moreover, 
Hey Groves later added the gracilis muscle to the semitendinous muscle 
for reinforcement. 
These early publications were followed by numerous reports describing 
modifications of the Hey Groves technique for chronic CL insufficiency. 
The differences in technique and material will be discussed here. 
As already mentioned, views on the therapy of acute CL lesions were 
generally far more reserved. In 1939 Campbell still wrote: "Acute repair 
of the ligaments of the knee may be carried out with success, although 
this procedure is seldom indicated as conservative measures are usually 
sufficient". 
New ideas nevertheless found their way. Palmer (1938) did not believe 
in spontaneous healing of ruptured CL and therefore saw good perspec-
tives for operative restoration of the normal anatomical conditions. 
Cubbins et al. (1939) and Abbott et al. (1944) likewise advocated early 
operation. After the publication of O'Donoghue (1950) the operative 
approach received more and more acclaim: "Surgery should not be 
reserved for those cases in which conservative treatment has failed"; and: 
"Early repair is better than late reconstruction". 
A look at the operative techniques which were developed reveals many 
differences with regard to the positioning of the ends of the new CL, the 
type of substitute used, the anchoring of the ligament, and the extent of 
repair or reconstruction. 
- The origin and insertion of the CL were virtually anatomical in the 
Hey Groves procedure. For the PCL Gallic and Le Mesurier (1927) 
suggested a modification in that a tract was drilled not only in the 
femur but also in the tibial plateau, thus changing the position and 
fixation of the PCL. For the ACL, too, other possibilities were 
described. Lindemann (1950) guided the distally detached tendon of 
the gracilis muscle or semitendinous muscle through the posterior 
capsule and through the knee to a tibial drill-hole — a kind of dynamic 
reconstruction. Macintosh (1974) deviated from the original femoral 
attachment of the ACL and guided the ACL substitute over the top of 
the lateral femoral condyle through the posterior capsule. Insali et al. 
(1981) used the ITB and a distal bone fragment for ACL substitution. 
They guided the substitute "over the top" and screwed the bone 
fragment onto the anterior aspect of the tibia, so that origin and 
insertion differed slightly from the original position. 
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- The substitute material used varied widely. For the PCL the tendon of 
the semitendinous muscle was frequently used. For the ACL, use was 
made of a strip of fascia lata (ITB), a strip of the medial knee capsule 
(Campbell 1939), the tendon of the gracilis muscle or semitendinous 
muscle (Merle d'Aubigné 1950; Lindemann 1950), a distally detached 
ITB (O'Donoghue 1963) or one-third of the patellar ligament (Jones 
1963). Noyes (1983) found the tensile strength of the lastmentioned 
substitute to be superior to that of the others. Carbon fibres were also 
used as substitutes of tendons and ligaments (Jenkins et al. 1977, 1980; 
Forster et al. 1978), but not as CL substitutes. MacMaster (1976) 
introduced specially processed bovine tendons as substitutes for CL 
and CoL. 
- The technique of fixation likewise changed considerably in the course 
of the years. In the early procedures the substitute was guided through 
the capsule or a drill tract, and fixed to the soft tissues as firmly as 
possible. Van Rens (1977) described a fixation technique using a bone 
plug taken from the tibia and femur with a hollow drill (drilling from 
the insertions of the CL). Once the substitute had been passed through 
the tract, the plug was hammered back into the tract, thus ensuring 
firm fixation of the new ligament, which could be subjected to tension 
fairly quickly. Moreover, a fibrous connection formed after a while 
between ligaments and cancellous bone, and vascular ingrowth took 
place. Eriksson (1976, 1977) sought a better fixation technique for the 
Jones procedure of ACL substitution. He used the medial one-third of 
the patellar ligament, left a small fragment of patella on the substitute 
and sutured this firmly onto the rough femoral sites of insertion of the 
ACL in order to achieve osseous fixation. Insali (1981) screwed the 
bony end of the ITB onto the anterior aspect of the tibial plateau. All 
in all, efforts were generally made to ensure firm fixation. 
- Many authors doubted the need for restoration or reconstruction of 
the CL themselves but tried to compensate the loss of function of, say, 
the ACL by reinforcement of the medial capsule structures (Bosworth 
1935; Mauck 1936; Hauser 1947). In this way the concept of extra-
articular CL reconstruction was born. After 1972 the Macintosh 
technique of lateral capsule reconstruction for ACL insufficiency 
gained popularity (Galway, Beauprey and Macintosh). However, the 
question arose whether extra-ancular reconstruction was sufficient. 
Acute injuries proved often to involve ruptures of several structures 
(O'Donoghue's "unhappy triad", Trillat's "pentade malheureuse"); 
only 10% of all CL lesions were isolated lesions (Ficat 1962). Repair of 
all structures was recommended (Palmer 1938; O'Donoghue 1950; 
Trillai and Ficat 1972). Even primary reinforcement of the sutured CL 
by means of a graft was recommended (augmented repair, Marshall 
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and Rubin 1977) It is difficult to conceive why reinforcement of the 
medial and lateral capsule structures should not be recommendable in 
a reconstruction for CL insufficiencv There is an unmistakable 
movement in favour of the fullest possible repair of the ligaments ot 
the knee 
Nevertheless it was found that, even when all structures were repaired, 
complete stability could not alwavs be achieved drawer movements 
remained positively disturbed in many cases (Jones 1970. Marshall et al 
1975. Insali et al 1981) But the lastmentioncd author stated with regard 
to ACL reconstruction that "the improvement in the patient's functional 
capacity is quite dramatic" The mechanical importance of the CL is 
great, and both in acute and in chronic lesions the fullest possible 
operative repair of the CL and the capsule structures seems to offer the 
best chances of unimpaired knee function 
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CHAPTER 3 
KINEMATICS OF THE HUMAN KNEE AND THE CRUCIATE 
LIGAMENTS 
The preceding chapters described clinical anatomical findings concerning 
knee motion and the influence of the CL on it, discussing data which were 
largely subjective and qualitative. This chapter will focus on the impor-
tant contributions of biomechanics to our knowledge of knee function, 
resulting in a treasure of objective and quantitative data. The relation 
between the complex knee motion and the behaviour of the CL will also 
receive ample attention. 
The description of the kinematic behaviour of the knee will be 
preceded by a brief definition of some general concepts and by a review of 
the various methods used to describe the motion of rigid bodies in general 
and that of joints (as composites of rigid bodies) in particular. Some 
simplified models of connections between rigid bodies that can be 
compared with joints, will also be discussed. 
3.1 DEFINITONS 
- Kinematics is the study of the motion of rigid bodies in mathematical 
terms, regardless of the cause of that motion. 
- A rigid body can be defined as a collection of points in which the 
distance separating all pairs remains constant during motion. Bones 
can be regarded as rigid bodies if their deformations in relation to the 
motions are small and if the deformations themselves are not the 
subject studied. The position of a rigid body is fixed if the positions of 
three non-collinear points of that body are fixed. If the position of 
only one point is fixed, then all other points of the rigid body can still 
freely rotate round this point. If the positions of two points are fixed, 
then the rigid body can still rotate round the axis through these two 
points. If three points are fixed, then the position of the rigid body is 
unequivocally fixed. 
- A cartesian coordinate system is a system of three interpcrpendicular 
axes (x, y, z), each with a positive and a negative orientation, round 
which positive and negative rotations can be defined. Such a coor-
dinate system can be conceived as fixed in space (space-fixed) or as 
fixed to a moving body (body-fixed). In the study to be described, a 
right-handed coordinate system was chosen for the right knee; the 
origin of this system was localized in the posterior marking pellet of 




Schematic representation of a tibial coordinate system for the right and the left knee. 
A shows the right knee with a right-handed coordinate system proiected in the tibial 
plateau The positive axis orientation and the direction of rotation are indicated by 
arrows The turn of a right-handed screw in the positive axis orientation indicates 
the direction of rotation. 
В shows the left knee with a coordinate system which mirrors that of the right knee 
The screw rule has to be reversed 
of the axes is indicated by the arrow-point, while the direction of the 
rotations is determined by the direction of rotation of a right-handed 
screw introduced in the positive axis orientation. In order to ensure 
that the rotations round the x-, y- and z-axis (flexion-extension, endo-
exorotation and abduction-adduction) could be registered in the same 
way, it was necessary to choose a different coordinate system for the 
left knee, which mirrors that for the right knee (fig. 3. IB). A positive 
rotation round one of the axes in that case means the same anatomical 
movement for both knees. This reversal was taken into account in the 
calculations and in the illustrations to be presented later. To indicate 
the rotations around the х-, y- and ?-axis, respectively, the Greek 
letters Φ, Ψ and Θ are used. These reference systems are linked to 
femur and to the tibia. In extension they coincide (as shown in fig. 3.1); 
in motion, one system remains linked to the femur and the other to the 
tibia. By describing the relative positions of these systems the relative 
motion between femur and tibia is always unequivocally defined. In 
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the presentation of the results the femoral system is always space-fixed 
and the tibial system body-fixed 
3.2 METHODS TO DESCRIBE RIGID BODY MOTION 
3.2.1 Rigid body motion in general 
A rigid body is capable of two fundamentally different types of motion: 
A. Translation: a motion in which all points of the rigid body travel 
parallel paths of equal distance. 
B. Rotation: a motion in which all points of the rigid body rotate round 
an axis over an identical angle, the displacement of the various points 
AT B! 
Figure 3 2 
Two-dimensional representation of the displacement of a rigid body ABC from 
position I (A|B|C|) to position 2(A;B2C;) The choice ofa different base-point gives a 
translation of different direction and magnitude (Α,-Α; in fig 3 2A differs from Ci-C, 
in fig 3 2B) However, the rotation required to reach the end-position is the same for 
all base-points ω 
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being proportional to the distance of these points from the axis and 
points localized on the axis itself showing no displacement at all. 
Any random change in the position of a rigid body can be regarded as the 
sum of translation and rotation. An entirely free rigid body has six 
degrees of freedom: three degrees of freedom of translation (in the x-, y-
and z-orientation) and three degrees of freedom of rotation (Φ, Ψ and 
Θ). 
Two centuries ago Euler already indicated how changes in the position 
of rigid bodies, in the sense of translations and rotations, could be 
mathematically described. Because a three-dimensional change in posi­
tion is not easily imaginable, the motion of a rigid body in a single plane 
will first be described (fig. 3.2). Each point of the rigid body can be taken 
as base-point. Thus, for example, A^ B, and C, are such base-points in 
position 1 of the rigid body, while A2, B2 and C2 are such base-points 
after displacement to position 2. This change in position can be described 
by translation А,- Аз (equal in direction and magnitude to Β,-Βί and Cj-
C\) and rotation ω round Aj (fig. 3.2A). The choice of a different base-
point gives a translation of different direction and magnitude (e.g. C1-C2, 
Α,-Α' and Β,-Βί, fig. 3.2B), but the rotation ω remains the same. The 
choice of base-point affects the translation but not the rotation. This rule 
also applies to a three-dimensional motion (fig. 3.3A); the translation A,-
A2 and В,-82 differ in magnitude and direction but the rotations round 
the х-, y- and z-axis which cause the rigid body to assume position 2, are 
identical for both base-points. After translation of a base-point A1-A2 
(fig. 3.3B), position 2 can be reached also by a single (total) rotation round 
an axis through this base-point, which normally does not parallel one of 
the axes of the coordinate system. 
There is normally no relation between the direction of the translation 
and the axis of the total rotation. Chasles (1830, see Selvik 1974) proved, 
however, that there was one exception to this rule: it is always possible to 
indicate one base-point whose translation takes place along the axis of 
rotation (fig. 3.3C). Chasles described this axis as screw axis. Rodrigues 
(1840, see Selvik 1974) developed a mathematical equation to determine 
this screw axis. 
When the change in position is described in terms of Euler's rotations, 
the sequence of rotation is important for an unequivocal result. Rotations 
in the sequence Φ, Ψ and Θ round the axes of a body-fixed coordinate 
system lead to the same end-position as rotations in the sequence Θ. Ψ 
and Φ round the axes ot a space-fixed system (Selvik 1974). 
A change in the position of a rigid body can thus be described in two 
different ways: 
- as the sum of the translation of a random base-point and Euler 
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Figure 3.3. 
Three different ways of describing rigid body motion 
A. shows the translation of a random base-point, followed by Euler's rotations Φ, Ψ 
and Θ round the axes of the body-fixed coordinate system. 
B. shows the translation of a random base-point, followed by a total rotation round 
one axis. 
C. shows the unique displacement of a rigid body along and round the screw axis. 
rotations round the axes of a body-fixed or space-fixed coordinate 
system through that point; 
- in terms of translation along and rotation round the screw axis. 
For each change in the position of a rigid body the translation plus 
Euler rotations and the screw axis can be calculated from the displace­
ment of at least three non-collinear points of that body. 
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3.2.2. Methods to describe join! motion 
The simplest approach to joint motion is the two-dimensional approach. 
It proceeds from the assumption that all points of one of the bones of a 
joint move in one plane in relation to the other bone. The motion can be 
conceived as a scries of small steps of circular movement round instant 
centres in the plane of motion. The instant centre of each of the small 
steps of movement can be determined: the more steps, the more instant 
centres. Thus the moving bone fragment rotates on its way round an 
infinite number of successive instant centres. The actual instant centres 
are intangible and in fact non-existent; with small steps of movement, 
however, they can be approximated. 
The motion can be circular, in which case the instant centres of 
rotation coincide in a single central point. Most joint motions, however, 
are not circular and the instant centre of rotation therefore moves. Two-
dimensional methods are a gross approximation of joint motion because 
this motion seldom occurs in only one plane. A more realistic approach is 
that using a three-dimensional method, which determines an instant axis 
of rotation or screw axis. Again the motion must be analysed as a series 
of small steps of circular movement round a series of successive screw 
axes. Soudan et al. (1979) published a comprehensive review of the 
various methods used to determine the instant centre of rotation in two-
dimensional joint motion. 
3.2.2.1 Two-dimensional methods 
3.2.2.1a The Reuleaux method: 
The oldest and most widely known method is that of Reuleaux (some­
times written Rouleaux), which dates back to 1875. For the construction 
of the instant centre of rotation of a step of movement this method uses 
the positions of at least two points of the rigid body before and after 
displacement, providing these points move in one plane (fig. 3.4). The 
perpendicular bisectors of displacements АрАг and B|-B2 intersect in the 
instant centre of rotation. A better approximation of the instant centre is 
achieved by dividing the displacement into smaller steps of movement. 
The Reuleaux method was widely used in determining the instant 
centre of rotation of the knee. A series of lateral roentgenograms in 
positions of increasing flexion revealed the displacements of a number of 
anatomically identifiable points (Frankel 1971; Frankel et al. 1971; 
Walker et al. 1972; Harding and Goodfellow 1977). Not infrequently the 
path travelled by the instant centre in flexion proved not to be a smooth 
path, and Frankel et al. (1971) interpreted this as "dérangement interne" 
of the knee with an abnormal course of knee motion. However, other 
explanations may also be considered: inaccuracy in determining the 
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Figure 3.4 
The Rouleaux method to determine the instant centre of rotation of the femoral 
motion between positions 1 apd 2. The perpendiculars bisecting the displacements A,-
A2 and BrBj intersect in the instant centre of rotation. 
positions of the anatomical landmarks, and the fact that the movement of 
these points in flexion was not purely planar. 
3.2.2.1b The tangent method: 
This method of determining the instant centre of rotation is based on the 
paths travelled by at least two moving points. The velocity of movement 
of a point can be indicated with the tangent on that part of the path that 
the point passes in that particular instant. The instant centre of rotation is 
the zero-velocity point, and the perpendicular on the tangent leads to this 
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Figure 3.5 
The tangent method to determine the instant centre of rotation. The tangents on the 
paths of at least two points can be drawn at any time. The perpendiculars on these 
tangents, e.g. of A2 and B2, intersect in the instant centre of rotation. 
centre. With the aid of the paths of two moving points the intersection of 
two perpendiculars can be determined: the desired instant centre of 
rotation (fig. 3.5). 
The tangent method seems to describe the displacement of the instant 
centre of rotation more accurately than the Reuleaux method (Soudan et 
al. 1979), but nevertheless the same disturbing factors are involved: the 
motion is often not planar, and the anatomical landmarks are not always 
identifiable on the roentgenograms. Both methods require small steps of 
movement; with the tangent method, too, a more or less accurate 
determination of the paths travelled by the landmarks is possible only 
with small steps of movement. Both graphic methods are subject to 
drawing errors, although this can be improved by using a computer; 
tangents and perpendiculars can be mathematically approximated and 
the point of intersection calculated (Soudan et al. 1979). 
3.2.2.1c The grid method: 
This method likewise proceeds from small steps of rotatory movement. A 
moving transparent plate with perforations can serve as grid. The instant 
centre of rotation during a grid movement is the zero-motion point; all 
Figure 3.6. 
The grid method directly visualizes the instant centre of rotation as the zero-motion 
point. 
other points move over a distance proportional to the distance from the 
instant centre. The closer the spacing of the grid perforations, the better 
the chance that a non-moving perforation is identifiable (fig. 3.6). Such a 
grid can be placed in front of a series of successive roentgenograms of a 
moving joint, and the instant centres of rotation between two successive 
positions can be determined (Walker et al. 1972). 
Other investigators used a Plexiglas plate with a regular pattern of 
perforations which flashed up due to a fluorescent light source along the 
edge of the plate. By attaching this plate to a moving joint and 
photographing it during the steps of motion, an instant centre of 
rotation for each step could be determined by approximation as the 
perforation with the least displacement (Shaw and Murray 1974; Bla-
charski et al. 1975). 
3.2.2.2. Three-dimensional methods 
Joint motions are seldom planar. During flexion-extension of the knee, 
for example, rotations round the tibial axis occur simultaneously. This is 
why determination of a three-dimensional instant rotation axis or screw 
axis (or of translations linked to Euler's rotations) is necessary for 
adequate description of knee motion. Analogous to the two-dimensional 
methods, the motion must be analysed in terms of small steps of rotation 
round an instant axis. The motion of three non-collinear points is 
sufficient for construction of the instant rotation axis. With these 
methods, too, the identifiability of fixed points on photographs or 
roentgenograms is a problem; it is often impossible to pinpoint ana-
tomical landmarks, and light sources on the skin around the joint can 
shift. Fixed, identifiable points can be created by implanting small metal 
markers in the bone. 
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3.2.2.2a Stereophotographic methods: 
Braune and Fischer did pioneer work in this respect. As early as 1885 
they manually measured the spatial coordinates of three moving markers 
attached to the forearm. In 1891 they published their study of knee 
motion. In healthy test subjects executing knee flexion in a dark room 
with three pulsating light sources (20-30 flashes/second) attached to a 
snugly fitting leg cast, they registered the paths of the light sources during 
flexion from 0° to 110° with the aid of two perpendicularly positioned 
cameras. This stereophotographic method enabled them to evaluate the 
motion of the tibia in relation to the femur. Modern stereophotogram-
metry uses miniature light sources, reflectors or LED (light-emitting 
diodes), but the principle of evaluation has remained unchanged. Apart 
from photographic methods various opto-electrical systems are in use in 
which a TV camera tracks a pulsating light source (Chao 1978). 
3.2.2.2b Roentgen stereophotogrammetry: 
Instead of light, roentgen rays proved to be a very useful aid in localizing 
points and rigid bodies in space and evaluating their motion. The object 
to be studied is exposed from two roentgen foci so that two projections of 
the object are visible on the film. With the aid of these projections and the 
positions of the foci the location of the object in space can be calculated 
(roentgen stereophotogrammetry). In 1898 Davidson already used this 
method to localize foreign bodies in the human organism (see Selvik 
1974). He stretched silk threads between the projections and the foci and 
found the position of the object at the intersection of the threads. 
Prominent points of larger objects could be localized separately as long as 
they were readily identifiable on the film. Roentgen stereophotogram-
metry proved helpful in analysing the positions of the segments of the 
vertebral column, and this opened perspectives in particular for evalua-
tion of the therapy of scoliosis. Brown et al. (1976) and Hindmarsh et al. 
(1980) used anatomical landmarks in the vertebral body as fixed points; 
the accuracy of this method depends on the identifiability of these points 
on the film. 
In 1974 Selvik introduced his roentgen stereophotogrammetric system. 
As fixed points he used small tantalum pellets readily identifiable on the 
films (section 4.4). The method was effective, not only in cadaver 
experiments but also in in-vivo measurements in animals and man 
(Aronson 1976; Olsson 1975; Hansson et al. 1978). Tantalum pellets 
were well-tolerated and their location in space could be determined with 
accuracy. 
The way in which stereophotogrammetry and roentgen stereophoto-
grammetry are used to determine the position of a rigid body in space and 
the instant rotation axis of a step of movement need not be discussed in 
65 
detail. The abovementioned authors have clearly indicated this in their 
publications. 
3.3 LIMITED FREEDOM OF MOTION OF RIGID BODIES 
An entirely free rigid body has six degrees of freedom of motion: three 
degrees of freedom of rotation and three degrees of freedom of transla-
tion. In a joint, the rigid bones are connected by structures which limit 
freedom of motion. There is a more or less extensive contact of articular 
surfaces and there are fibrous connections between the components of the 
joint. 
3.3.1 Limited freedom of motion in models with connections between rigid 
bodies 
Figure 3.7 shows some models of such connections which closely 
resemble existing joints. 
A. A sphere which is completely or almost completely enclosed in a 
congruent block is not capable of translation. But it can rotate in all 
directions: three degrees of freedom of rotation (fig. 3.7 A). The instant 
axis of each movement passes through the centre of the sphere, but a 
screw movement can no longer take place because translation is 
impossible (screw translation equals zero). 
B. A cylinder which is completely or largely enclosed in a block (fig. 
3.7B,) has only one degree of freedom of rotation and is incapable of 
translation. When the sides of the block are open and when the 
cylinder surface has a cam (fig. 3.7B2) there is likewise only one degree 
of freedom: the rotation is of necessity associated with a translation 
(coupling of degrees of freedom). 
C. Many other models are conceivable and have in fact been used in 
machine construction. A cylinder in a block without side-walls has one 
degree of freedom of rotation and one degree of freedom of transla-
tions (fig. 3.7C). A rectangular block in a congruent enclosing block 
with open sides has one degree of freedom of translation. A cube 
between two parallel smooth plates has two degrees of freedom of 
translation and one degree of freedom of rotation. These theoretical 
models have no analogies in animal joints. 
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Figure 3.7. 
Models of connections between rigid bodies. 
A. A sphere enclosed in a congruent block has only three degrees of freedom of 
rotation. 
B. A cylinder enclosed in a congruent block can only rotate round one axis. 
B2 A cylinder enclosed in a congruent block without side-walls can translate in one 
direction as well as rotate round one axis. A cam on the cylinder gives this 
translation an inevitable nature, and consequently it can not be described as a 
degree of freedom. 
C. Model of a connection with one degree of freedom of rotation and one degree of 
freedom of translation. 
67 
3.3.2 Limited freedom of motion in human joints, with special reference to 
the knee 
Only with great caution can a model be compared with a real joint The 
freedom of motion in a joint is limited by the articular surfaces and by the 
connecting ligaments, capsules, tendons and (in the case of the knee) 
menisci All these components are malleable cartilage can be compressed 
and ligaments can be stretched In addition to one or more degrees of free-
dom ofmotion, therefore, every joint also shows mobility in other directions 
which is load-dependent and, in view of its magnitude, better interpreted 
as play than as degree of freedom of motion 
Joints have of old been classified according to their degrees of freedom 
of motion (Fischer 1907, Steindler 1955) 
3 3 2 1 Joints with three degrees of freedom 
The hip is the best example of a pint with three degrees of freedom "The 
head of the femur represents a true hemisphere of 180°, therefore in 
midposition the acetabular surfaces cover each other perfectly" (Steindler 
1955) The congruent articular surfaces are kept together by a strong joint 
capsule, leaving only three degrees of freedom of rotation flexion-
extension, abduction-adduction and endorotation-exorotation (model 
shown in fig 3 7A) 
3 3 2 2 Joints with one degree of freedom 
Joints of this type of necessity always follow the same path in motion 
Figure 3 7 B2 demonstrates the importance of the profiles of the contact 
surfaces for the course of motion, the axis of this model is fixed The 
ankle and the ulno-humeral joint are often mentioned as examples of 
joints with one degree of freedom of rotation, both show good congruen-
ce of the articular surfaces and a distinct profile Inmann (1977) found a 
fixed axis through the apices of the malleoli in 80% of his ankle 
specimens, but in 20% he found a moving axis as measured for different 
steps A moving axis was sometimes also reported in the elbow (Fischer 
1907, Walker 1977), but London (1981) found a virtually fixed axis The 
difference may be based on different measuring techniques, but may also 
be due to real differences in the joints A moving axis can follow a fixed 
pattern, and an extra degree of freedom need not necessarily be involved 
In the absence of great external forces, motion in these joints is invariable 
and unique 
3 3 2 3 Joints with two degrees of freedom 
These joints occupy an intermediate position While the congruence of 
the articular surfaces plays an important role in the joints of the first two 
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Figure 3.8. 
Models of the connections of the knee according to Huson. Proceeding from the 
discongruence ot a cylinder on a flat plateau (1). he designed a model with a central 
pivot on the plateau and with central ligaments (2). When the central ligaments cross, 
one of the plateau halves shows in inclination and the components are rounded off (3 
and 4). the anatomical shape of the knee emerges (by courtesy of the publisher of Acta 
Morphologica Neerlando-Scandinavica). 
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groups, joints of this group are characterized by discongruence. The knee 
is the best example of this type of joint. When the cylinder (fig. 3.7C) is no 
longer enclosed by the block because its radius of curvature has 
increased, an extra possibility of rotation results. The decrease in 
congruence and corresponding decrease in stability must be associated 
with an increasing importance of the fibrous connections, particularly the 
ligaments. 
Huson (1983) elegantly depicted this (fig. 3.8). He sketched the change 
of the enclosing block to plateau, added connections (in the second 
instance centrally crossing ligaments), showed a profilation of the plateau 
in the form of a central eminence, and finally completed the transition 
from model to joint by rounding off the articular surfaces and giving one 
of the halves of the tibial plateau an angle of inclination. In this 
representation only the rotations round the x-axis and the y-axis are free; 
there are limitations on: 
- rotation round the z-axis (abduction-adduction), with especially the 
CoL and the CL offering resistance; 
- translation along the z-axis, with especially the CL limiting these 
"drawer" movements; 
- translation along the y-axis, with all fibrous structures and the 
articular surfaces resisting this distraction and compression; 
- translation along the x-axis, with the intercondylar eminence in-
hibiting this motion as long as the ligaments maintain the contact 
between femur and tibia. 
3.4 THE KINEMATIC BEHAVIOUR OF THE KNEE 
The simple characterization of the knee as a joint with two degrees of 
freedom of rotation leaves many aspects of knee motion in the dark. Are 
both forms of rotation totally independent of each other? What are the 
limits within which these rotations can be executed? What is the influence 
of the geometry of the articular surfaces, of the menisci and of the 
ligaments on knee motion? How does the knee behave in response to 
external loads? 
Many investigators have studied knee motion, often trying to gain an 
overall impression of this motion from a limited angle of approach. The 
following approaches to knee function will be briefly discussed: 
- studies of contact points or contact areas between femur and tibia; 
- studies of flexion-extension and endorotation-exorotation with their 
respective axes; 
- studies of the role of the CL; 
- studies of the mechanical properties of the knee or of important parts 
of the knee, more specifically the ligaments. 
All these aspects (to which further aspects can certainly be added) are 
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of importance for an overall impression of knee function, and the design 
of models must take into account as many of them as possible. However, 
a model need not always encompass all aspects; it can be simplified to 
serve a limited purpose. 
3.4.1 Contact point or contact area studies 
Studies of this type are among the oldest forms of research into knee 
motion. The Weber brothers already marked the points of contact 
between femur and tibia in various degrees of flexion, and found that 
these points shifted, not only along the femoral but also along the tibial 
surface. During a sliding movement (fig. 3.9B) the tibial contact points 
should not move. They also observed that in the various degrees of 
flexion the contact points on the femoral surface were further apart than 
those on the tibial surface; this prompted them to conclude that knee 
motion was not purely rolling either (fig. 3.9A). Knee flexion involved a 
combination of rolling and sliding. Finally, they observed the asymme-
try between the motion of the medial and that of the lateral femoral 
condyle: during flexion the lateral condyle rolled round the medial 
condyle, and the medial condyle changed from a rolling to a sliding 
movement sooner than did lateral condyle, thus becoming the centre of 
rotation round a tibial axis. 
The introduction of roentgenography made it possible to study contact 
points without opening the knee. Zuppinger (1904) analysed a series of 
lateral roentgenograms of both the medial and the lateral femoral condyle 
and the tibial plateau in flexion from 0° and 120°. He regarded the 
smallest distance between the two bony components as the contact point 
— a rather inaccurate method. On the medial side the tibial contact point 
Figure 3.9. 
Schematic representation of the instant centre of rotation during a rolling (A) and a 
sliding (B) movement. During the former the centre is localized in the contact point 




The evolute is a curved line in the centre of the condyles, formed by the centres of the 
circle segments into which the surface of the condyles can be divided (free after Fick). 
The instant axis is believed to follow this evolute during a pure sliding movement. 
moved posteriorly during the first lOMS0 flexion, while on the lateral 
side it did so during the first 25°-30° flexion. Sliding sooner superseded 
rolling on the medial than on the lateral side. Fick (1910, 1911) used these 
data on rolling/sliding to indicate where the axis of flexion-extension was 
to be sought: in the contact point during pure rolling (fig. 3.9A), and in 
the centre of circular movement during pure sliding (fig. 3.9B). Fick 
divided the femoral condyles into a series of circle segments, the 
respective centres of which formed an evolute in the centre of the condyle 
(fig. 3.10). During pure sliding in the course of flexion, the instant centre 
of rotation should theoretically move along the evolute. However, flexion 
had proved to be a combination of sliding and rolling, and consequently 
the centre of rotation had to be sought between the tibio-femoral contact 
point and the evolute. By connecting the moving centres of rotation 
medially and laterally, Fick obtained a three-dimensional axis. Flexion 
could be described only with a series of axes, later indicated as instant 
rotation axes for successive steps of motion. The fact that during the 
initial phase of flexion the lateral condyle rolled further than the medial 
condyle ensured relative endorotation of the tibia — a motion opposed to 
the exorotation during the final phase of extension (screw-home rota-
tion). 
In their roentgenographic study of the contact points Lindahl and 
Movin (1967) observed that the first phase of flexion involved rolling and 
sliding, while afte 20° flexion only sliding remained. They saw the tibial 
contact point shift (rolling), but less than the femoral contact point (no 
pure rolling), and observed that after 20° flexion the tibial contact point 
no longer shifted (sliding) (fig. 3.11). 
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Figure 3.11 
Shift of the femoral and tibial contact point during flexion The posterior shift of the 
femoral contact point is continuous as flexion increases: the shift of the tibial contact 
point lags behind the shift of the femoral contact point between 0° and 20° flexion (not 
pure rolling, but rolling and sliding). Beyond 20° flexion the tibial contact point no 
longer shifts dorsally (sliding) (modified after Lindahl and Movm). 
soon as it became apparent that contact areas rather than points were 
involved. Recent studies have visualized these contact areas (Walker and 
Hajek 1972; Maquet et al. 1975; Harding and Goodfellow 1977; Jaspers 
1982) with the aid of several techniques, e.g. making impressions of the 
articular surfaces with acrylic cement, injecting a roentgenographic 
contrast medium or colouring the cartilage. A contact area made it more 
difficult to reach conclusions concerning rolling and sliding. During 
flexion the contact area moved dorsally, but it could not be clearly 
demonstrated that the lateral condyle rolled further than the medial 
condyle (Walker and Hajek 1972). 
These studies led to the following conclusions about knee motion: 
- flexion-extension causes a combination of rolling and sliding between 
the articular surfaces; rolling predominates in the initial phase of 
flexion, while sliding predominates in higher degrees of flexion; 
- this rolling/sliding motion of the knee can only be described with the 
aid of a moving axis; 
- rolling and sliding take an asymmetrical course; in the initial phase of 
flexion the lateral condyle rolls further than the medial condyle, 
resulting in simultaneous tibial endorotation. 
3.4.2 Studies of flexion-extension 
All studies of knee motion have focused on the "axis" of this motion. It 




aid of this axis, and that muscles and external forces exerted their 
influence round this axis. The Weber brothers (1836) assumed that the 
axis of flexion passed through the insertions of the CoL: an axis fixed to 
the femoral condyles which, in flexion, moved with these condyles 
dorsally and distally in relation to the tibia. This notion of a moving axis 
fixed to the femur was abandoned in the course of the following decades 
in view of the spiral-shaped geometry of the femoral condyles (Meyer 
1853; Goodsir 1868; Albrecht 1877). Meyer distinguished in the femoral 
condyles a posterior segment of 120° with a small radius of curvature, an 
anterior segment of 40° with a large radius, and (only in the 
medial femoral condyle) a laterally deviating segment (fig. 3.12). 
Assuming flexion to be pure sliding, Meyer thought that flexion was 
executed round three successive axes (A,, A, and A,): the centres of the 
abovementioned circle segments. He thought that the initial phase of 
flexion (or the final phase of extension) was executed round an oblique 
axis related to the laterally deviating segment of the medial femoral 
condyle. From this oblique axis Meyer concluded that flexion-extension 
in this phase of motion was associated with a rotation — a phenomenon 
subsequently often described as final rotation or screw-home rotation. 
In 1891 Braune and Fischer (see 3.2.2.2) published a detailed analysis 
of knee motion in two healthy soldiers. During the initial 20° flexion they 
observed 6° endorotation which, as flexion continued to 110°, was 
neutralized by exorotation of the same magnitude. They assumed that 
this was a unique pattern of motion and for this reason assigned only one (іаш 
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Figure 3.12 
Schematic representation of the flexion-extension axis as described by Meyer (1853). 
Flexion was believed to take place successively round the axes A,, A
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degree of freedom of motion to the knee. During flexion the knee axis 
was found to assume a different degree of inclination from moment to 
moment; however, the true position of these oblique instant axes was not 
determined. The instant axis was closer to the joint space (the contact 
area) on the lateral side during the initial 20° flexion and on the medial 
side during 20°-! 10° flexion. This oblique axis orientation indicated an 
asymmetric movement of the femoral condyles: during the initial 20° 
flexion the lateral condyle rolled further than the medial condyle, 
resulting in tibial endorotation, while the reverse occurred between 20° 
and 110° flexion. This fixed pattern was subsequently repudiated: Fick 
considered flexion possible in many positions of rotations. 
The past few decades have witnessed the publication of many kine­
matic studies of the knee, based on lateral roentgenograms with the knee 
in various degrees of flexion (Frankel et al. 1971; Walker et al. 1972; 
Smidt 1973; Harding and Goodfellow 1977; Soudan et al. 1979) (fig. 3.13). 
These two-dimensional studies made it possible to determine a series of 
instant centres of rotation or centrode. These centrodes were represented 
in relation to the non-moving component of the joint (often the tibia, 
sometimes the femur). The results of these studies were discrepant, 
possibly due in part to inaccuracies in measuring technique. Moreover, 
knee flexion was regarded as a planar motion in all these studies, 
although in reality there may have been differences in the course of 
motion, e.g. flexion in varying positions of rotation (see 3.2.2.1). 
Blacharski et al. (1975) published a quasi-three-dimensional recon­
struction of the instant axes of flexion. Using a grid method they deter­
mined the instant centres of rotation of the medial and the lateral knee 
compartment, and found the instant rotation axes simply by connecting 
these centres. Most of these axes showed an oblique orientation and 
• ^ 
Figure 3.13 
Results of some two-dimensionaf studies of the instant centre of rotation of knee 
motion. The shape of the centrode (the path described by the instant centre of 
rotation) differed widely as described by different investigators. 
A Frankel et al. (1971, by courtesy of the publisher of the Journal of Bone and 
Joint Surgery). 
В Walker et al. (1972, by courtesy of the publisher of Clinical Orthopaedics 
and related Research). 
С and D Harding and Goodfellow (1977): a different centrode for the medial and the 
lateral side of the knee (Journal of Biomechanics). 
E Smidt (1973, Journal of Biomechanics). 
F Soudan et al. (1979, by courtesy of the publisher of the Journal of 
Biomechanics). 
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constantly changed position during motion; however, a constant pattern 
corresponding with a unique course of motion was not identifiable. The 
obliqueness of the axes indicated endo-exorotation synchronous with 
flexion. 
Many investigators have suggested a fixed pattern of movement during 
the initial phase of flexion (the final phase of extension), between about 
0° and 20°. Extension over this distance was associated with exorotation, 
and flexion with endorotation. The values reported varied widely: 
- Braune and Fischer (1891) : 6° 
- Hallen and Lindahl (1966) 
a. cadaver knees : 1°-14° 
b. patients (active or passive 
extension) ' 7° 
- Trent et al. (1976) : 18° 
The existence of this final rotation was doubted by some investigators 
(Hallen and Lindahl 1966) because in extension they found so much 
freedom of rotation that they could have the final phase of extension also 
be accompanied by endorotation (they did not specify how much force 
had to be applied to achieve this). 
3.4.3 Studies of endo-exorotation 
Many authors pointed out that this second degree of freedom of motion 
in the knee could become manifest only in flexion, but not in extension 
(Weber and Weber 1836; Meyer 1853; Pick 1911; Palmer 1938; Rainaut 
and Trillai 1959). The measurements made by some investigators (Bran-
tigan and Voshell 1941; Hallen and Lindahl 1965; table 3.1) showed that 
it was nevertheless possible to produce rotatory movements in extension 
by applying force. Generally, however, possibilities of rotation proved to 
be much better in flexion. The data on this endo-exorotation vary widely 
(table 3.1) due to differences in material studied and certainly also in the 
methods of investigation. First of all, attempts were made to determine 
the total amount of rotation. Ross (1932) found the greatest average 
amount of rotation (total 41°) in 45° flexion in 100 young students, 
although some knees showed maximum rotation in 90° flexion. Hallen en 
Lindahl (1965) found maximum rotation (average 29°) in 60° flexion. 
The second focus of attention was the ratio between endorotation and 
exorotation. The fact that measurements of endorotation and exorota-
tion proceeded from a random midposition in flexion, could explain 
many differences. Ross described this randomness as follows: "The knee 
was allowed to assume a position of rest before the measurements". It 
would seem possible to find a less random zero-position for rotation 
measurements in complete extension. Ross (1932) found as much endoro-
Table 3.1 Total endoexorotation of the knee ш different angles of flexion. 

















































tation as exorotation in 90° flexion, whereas Dejour et al. (1974) found 
virtually absent endorotation with persistance of some 20° exorotation. 
Ruetsch and Morscher (1977) measured an average of 15° endorotation 
and 21° exorotation. Most investigators found some predominance of 
exorotation. 
Round which axis did the tibia rotate? Subjective anatomical studies 
localized the axis of tibial rotation in widely different positions. Palmer 
(1938) assumed the axis to be localized in the medial compartment of the 
knee; Helfet (1963, 1970) and Smillie (1978) were more inclined in favour 
of the lateral compartment, and others (Fick 1911) assumed it to be in the 
centre or (Kaplan 1962) medial to the centre. More objective measure­
ments (Bousquet 1969; Wang et al. 1973; Trent et al. 1976) indicated a 
position about the medial tubercle of the intercondylar eminence: a 
central position with a slight inclination to the medial side (fig. 3.14). 
In the French literature the term "pivot central" emerged to indicate 
the axis of the CL round which the knee rotated. Did the CL really 
determine the position of the axis of endo-exorotation? Shaw and Murray 
(1974) visualized the centre of the final rotation with the aid of an 
illuminated grid, and localized it about the medial tubercle. Afcr 
severance of the ACL (more than after severance of the PCL) the centre 
of rotation was less readily determinable: the grid less clearly revealed a 
single sharply defined centre of rotation — a finding suggestive of 
instability. However, this less clearly defined centre of rotation was still 
localized about the medial tubercle. The CL did play a role as regards the 
axis of endo-exorotation, but indubitably in combination with other 
structures. 
3.4.4 Studies of the role of the cruciate ligaments 
Opinions on the importance of the CL for knee motion varied widely. 
Figure 3.14 
Results of three studies of the instant centre of rotation of endo-exorotation. The 
femur was rotated in various degrees of flexion. The positions of at least two points in 
endorotation as well as in exorotation were used to localize the instant centre of 
rotation by the Reuleaux method. 
A Wang and Walker (1973) found a series of instant centres about the medial 
intercondylar tubercle in different degrees of flexion (by courtesy of the publisher 
of the Journal of Biomechanics). 
В Trent et al. (1976) studied seven knees (numbered 1 through 7) and found most 
centres slightly medial to the centre of the tibial plateau (by courtesy of the 
publisher of Clinical Orthopaedics and related Research). 
С Bousquet (1969) observed dorsal displacement of the instant centre with increasing 
flexion. 
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There was the opinion expressed by Palmer (1938) — "The crucial 
ligaments regulate the proportion between rolling and spinning during 
flexion and extension" — versus that of Blacharski et al. (1975) — "The 
cruciate ligaments have little influence on the kinematics of the knee". 
The latter opinion was based on the observation that the pattern of 
instant rotation axes was virtually the same before and after severeance of 
the CL; in this context it is to be noted, however, that no constant pattern 
was found (section 3.4 2). 
Articular surfaces and ligaments together determine the kinematic 
behaviour of the knee, and the function of the CL cannot be regarded as 
unimportant simply because the kinematic behaviour does not totally 
change immediately after severance of these ligaments. Changes after 
severance of the CL can appear to be inconsiderable but they become 
more prominent after application of external force. 
In 1917 Strasser compared the knee with a closed kinematic chain of 
four links of which the middle two (the CL) were crossed while the bony 
connections between the two femoral and tibial attachments of the CL, 
respectively, form the remaining two links. He regarded the links as rigid, 
and indicated two possibilities of describing knee motion: 
Figure 3 15 
Schematic representation of intersection С of the CL as instant centre of rotation in 
flexion-extension Only when the tibio-femoral contact point О lies on the perpendi­
cular from С on the tibial surface are the tibial and femoral surfaces capable of parallel 
relative motion 
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- motion of the femur in relation to a fixed tibia; 
- motion of the tibia in relation to a fixed femur. 
There was no, essential difference between these two methods. Strasser 
found the instant centre of rotation at the intersection of the CL (as could 
be expected with this simple model). The circular path described by two 
points of the moving femur (A the attachment of the ACL and Ρ that of 
the PCL) is shown in fig. 3.15. Application of the tangent method (see 
(3.2.2.1b) leads to the instant centre of rotation. During flexion-extension 
the instant centre describes a curve (known as centrode in kinematics) 
which extends from the femoral attachment of the PCL in extension to 
the femoral attachment of the ACL in flexion. Strasser described both the 
centrode of the femur moving in relation to a fixed tibia and that of the 
tibia moving in relation to a fixed femur. The two centrodes rolled upon 
each other in flexion, their point of contact being the instant centre of 
rotation at that time. 
Huson (1973, 1974) further elaborated this four-link model. He 
pointed out that, during flexion, the posterior movement of the instant 
centre of rotation was followed by an equal movement of the tibio­
femoral contact point (point 0 in fig. 3.15). Only when the line connecting 
the contact point with the instant centre of rotation (CO) was perpendi­
cular to the tibial surface could a parallel movement between the femoral 
and tibial surfaces take place in the contact point or contact area with, 
understandably, minimal frictional resistance. Frankel et al. (1971) 
reported a non-parallel moving of the surfaces in pathological conditions. 
Huson (1974) finally extended the four-link model to a three-dimen­
sional one. In endorotation the CL twisted round each other and pressed 
the femoral condyles of the model more firmly against the tibial surface; 
in exorotation the CL relaxed, with resulting instability. Huson managed 
to cope with the changes of tension in the CL by giving the lateral plateau 
a ventro-dorsal inclination. He often identified this inclination in the real 
knee. The lateral plateau was often described as convex with a ventro­
dorsal downslope (Walker and Hajek 1972; Jacob et al. 1981), but 
whether this is a constant anatomical feature remains uncertain. 
The four-link model used by Menschik (1974) did not essentially differ 
from the one described above. He stressed that the shape of the femoral 
condyles could be deduced from the movement of the tibia round the 
femur; he even explained the ventral flatness of the condyles from the 
moulding effect of the tibia during the final rotation. 
3.5 THE MECHANICAL BEHAVIOUR OF THE KNEE 
3.5.1 Introduction 
The kinematic behaviour of the knee and the influences exerted on it by 
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the ligaments and the geometry of the articular surfaces are of great 
importance for a good understanding of knee function. Ultimately, this 
knowledge will have to be combined with data on behaviour in response 
to external forces. In the past decade in particular, more objective 
measurements of resistance to external forces have been published (Wang 
and Walker 1974; Hsieh and Walker 1976; Markolf et al. 1976; Noyes et 
al. 1980; Butler et al. 1980; Lipke et al. 1981). This resistance was 
previously often tested manually and interpreted subjectively. In most 
studies the relation was measured between an external force or moment 
and the displacement or rotation of the bony components of the knee 
produced by it. 
Curve 1 in fig. 3.16 shows, in general, the non-linear displacement of 
the knee in response to an external force. Displacement in the horizontal 
part of the curve requires but little force, indicated by the term (primary) 
laxity; more force is required for displacement in the two steeper parts of 
Figure 3.16 
General representation of the relation between an external load and the reaction of a 
joint or ligament A force or torque produces a given amount of displacement or 
rotation The central part of the curve is called laxity because ample displacement 
requires but little force The steeper parts of the curve indicate greater stiffness or 
restraint. Severance of ligaments changes curve 1 into curve 2 laxity increases, while 
stiffness and restraint diminish. 
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the curve. Always, an equilibrium is established between external force 
and internal restraint in the connections between the knee components. 
The curve shows a "break" in two imaginary "breakpoints" (B), 
determined by the tangents on the two steep parts and the more 
horizontal part. Curves of this type were determined for: 
- endorotation-exorotation forces; 
- abduction-adduction (valgus-varus) forces; 
- anterior and posterior drawer forces. 
These forces in particular were described as the cause of injuries. The 
measurements obtained in these biomechanica! studies were often quanti-
tatively different. Individual differences as well as differences in meas-
uring technique probably played a role. Many investigators tested only a 
single change in position in response to an external force, not allowing 
other changes in position. Lipke et al. (1981), however, believed that in 
torque tests the knee had also to be free to execute valgus-varus 
movements and slight changes in flexion. Drawer movements also proved 
to be accompanied by rotation (Jacobsen 1981). 
3.5.2 Primary laxity 
The virtually horizontal part of the curves between the "breakpoints" 
(fig. 3.16) indicates laxity — a displacement which requires but little 
force. The restraint and stiffness of the knee is low in this measuring 
range (low mid-range stiffness, stiffness being defined as the amount of 
force or moment per unit of displacement or rotation). The "horizontal" 
measuring range is sometimes described as the area of laxity or primary 
laxity (Wang and Walker 1974). Table 3.2 lists the results of measure-
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ments by a number of investigators. Due to a slightly different choice of 
"breakpoints", the forces applied to determine the area of primary laxity 
were not always identical. In spite of these differences we quote some 
striking findings obtained by Markolf et al. (1976): 
- Primary laxity in the sagittal plane was maximal in 20° flexion — a 
finding supporting the recommendation of Torg et al. (1976) that the 
anterior drawer test is best performed in slight flexion (Lachman test). 
- Rotatory laxity increased from extension to 20° flexion, then to remain 
virtually constant — about 25°. 
- Valgus-varus laxity proved to amount to only about one-fifth of the 
rotatory laxity, prompting the conclusion that valgus-varus motion is 
better regarded as "play" and rotation as degree of freedom of 
motion. 
3.5.3. Ligamentary restraint and stiffness 
When the joint is submitted to an external force in the area outside the 
area of primary laxity, restraint to further displacement or rotation 
increases significantly. The curve assumes a steeper course, indicated as 
area of secondary laxity. The stiffness or terminal stiffness for this area 
(i.e. the parameter which indicates restraint to displacement or rotation) 
can be determined. Within the area of terminal stiffness sophisticated 
measuring devices must be used; manual testing has become inaccurate. 
Table 3.3 lists some values of terminal stiffness (Markolf et al. 1976) as 
amount of restraint per unit of displacement or rotation: 
- anterior drawer stiffness proved to be less in 20° than in 0° and in 90° 
flexion; 
- valgus-varus stiffness was 4-5 times as great as endo-exorotation 
stiffness. 
Table 3.3 Terminal stiffness of intact knee-joints. 
Author Flexion .Anterior Posterior Valgus Varus Endo- Exo-
angle drawer drawer bending bending rotation rotation 
stiffness stiffness stiffness stiffness stiffness stiffness 
(Nimm) (N/mm) (Nm/degr.) (Nm/degr.) (Nm/degr.) (Nm/degr.) 
Markolf 0° 118 195 16.5 14.0 2.3 2.5 
et al. 20° 66 224 13.9 15.0 2.7 2.5 
(1976) 90° 143 99 12.1 11.9 2.6 2.2 
Correspondingly, restraint to drawer movements of 5 mm proved to be 
less in 30° than in 90° flexion (Butler et al. 1980): 
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- restraint to 5 mm anterior drawer : average 333 N in 30° flexion 
average 440 N in 90° flexion 
- restraint to 5 mm posterior drawer: average 331 N in 30° flexion 
average 421 N in 90° flexion. 
In discussions about the intact knee there is a risk that restraint is 
ascribed exclusively to the ligamcntary structures, disregarding the 
contributions of the articular surfaces, the menisci and the muscles. 
3.5.4 The contributions of the separate ligaments 
Butler et al. (1980) were able to some extent to measure the contributions 
of the separate ligaments, including the CL, to restraint to external 
forces. For this purpose restraint has to be measured before and after 
selective severance of a ligament. In curves 1 and 2 of fig. 3.16 this is 
represented by a dotted line with arrow. In addition to diminished total 
restraint there is increased primary laxity (shift of "breakpoint" B, to B2) 
and diminished terminal stiffness. For reasons of mechanical principle 
Butler et al. (1980) and Noyes et al. (1980) opted in favour of a method 
which provided the same displacement before and after severance and 
measured the decrease in restraint. The method which provides the same 
force before and after severance and measures the increase in displace-
ment is less reliable because, as a result of the greater displacement after 
severance, the geometry of the articular surfaces and the other, parallel-
led ligaments exert a different influence. Butler, Noyes and Grood (1980) 
adequately charted the relative importance of the various ligaments. They 
distinguished primary and secondary restraints to drawer and valgus-
varus forces and determined them as percentage of total restraint. 
- Restraint to anterior drawer (5 mm) in 90° flexion: 
ACL : 85% 
ITB 
MCL and LCL: 15% 
capsule 
In 30° flexion lower restraints were measured, but in the same percentual 
proportion. 
- Restraint to posterior drawer (5 mm) in 90° flexion: 
PCL : 95% 
The postero-latcral capsule and the popliteal muscle proved to be the 
principal structures providing the remaining 5% restraint. In 30° flexion 
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lower restraints were measured, but again in the same percentual 
proportion. 
- Restraint to valgus forces (5 mm abduction): 
5° flexion 25° flexion 
MCL 57.4% 78.2% 
ACL and PCL 14.8% 13.4% 
medial capsule 25.2% 7.6% 
Clinical studies (Palmer 1938; Hughston et al. 1976) had already suggest-
ed that the MCL made the principal contribution in slight flexion (25°) 
and was therefore best assessed in slight flexion. 
- Restraint to varus forces (5 mm adduction) 
5° flexion 25° flexion 
LCL 54.8% 69.2% 
ACL and PCL 22.2% 12.3% 
lateral capsule 17.3% 8.8% 
ITB and popliteal muscle 5 % 9.9% 
The CL proved to be a primary restraint in the sagittal, and the CoL in 
the frontal plane. Finally, changes in restraint as a result of endo-
exorotation were measured. In endorotation the ITB became a primary 
restraint to anterior drawer forces, beside the ACL. In exorotation thif 
proved to apply to the MCL (Castaing et al. 1972). The greater 
prominence of the peripheral capsulo-ligamentary structures in rotation 
was also emphasized by Wang and Walker (1974). Severance of the CoL 
caused twice as much rotatory laxity as severance of the centrally 
localized CL. Lipke et al. (1981) found that, after severance of the ACL, 
more endorotation than exorotation was possible. 
3.6 LENGTH PATTERNS OF THE CRUCIATE LIGAMENTS 
The influence which a ligament exerts on the kinematic behaviour of the 
knee is determined by the restraint (force) elicited in this ligament during 
knee movements, and this in turn depends on the change in ligament 
length. The relation between force and elongation was studied in 
individual ligaments by such authors as Kennedy et al. (1976) and Noyes 
and Grood (1976), and proved to be extremely non-linear, comparable 
with the resistance of the entire knee to displacement (fig. 3.16): the initial 
course of the force-elongation curve is flat (low stiffness); ligament 
stiffness increases as elongation and force increase. During the initial 
phase of great laxity the collagenous fibres orient themselves and the 
ligament offers little restraint. During the phase of great stiffness the 
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collagenous fibres are arranged in the direction of traction, and thus offer 
relatively great restraint 
If the relation between force and elongation of a ligament is known, 
then it is theoretically possible to deduce from measured length patterns 
the force patterns of the individual ligament In practice, however, this is 
impossible due to individual differences in the force-elongation relation, 
and because it is unknown whether (and how much) pre-existcnt tension 
is present in a ligament (in other words the relaxed length of the ligament 
is unknown) However, in view of the general form of the force-
elongation relation, the length patterns do give some indication of the 
relative influence of the ligaments in the various phases of knee motion 
Length patterns of the CL during knee motion were measured by 
several investigators (Edwards et al 1970, Wang et al 1973, Trent et al 
1976, Lew and Lewis 1978), but not with great accuracy Moreover, the 
CL were often regarded as linear elements in these studies, and this is an 
oversimplifaction, as the results to be presented m the next chapter will 
demonstrate 
3 7 KNFE MODELS 
A model is a physical or mathematical simulation of a system, of which it 
describes one or several aspects Especially the function of a complex 
system is best studied, understood and explained on the basis of a model 
By disregarding details and focusing on the essential features oi the 
complex reality this is made surveyable, understandable and manageable 
A model is therefore always characteri7ed by a degree of abstraction, 
which determines its specific possibilities but also its limitations on the 
one hand, simple models are readily manageable but of limited use in 
simulating detailed phenomena, on the other hand, sophisticated models 
are less readily fathomable but more suitable for the accurate and 
quantitative prediction and explanation of phenomena In every experi-
mental and theoretical approach to complex systems such as the knee-
joint, aspects of model design play a role Specific knee models have 
been described m the literature, both physical (e g Huson 1974) and 
mathematical models (e g Morrison 1970, Crownmshield et al 1976. 
Wismans 1980) 
Huson (1974) introduced a kinematic model which in particular 
describes the relation between flexion-extension and the characteristic 
anatomy of the CL The latter are described as rigid bars with fixed 
centres of rotation, and consequently this model is in fact a four-bar-
linkage mechanism Although it is too simple for a detailed and accurate 
description of the kinematic influence of the CL in quantitative terms, the 
model is readily understandable and gives a good qualitative impression 
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of the importance of the ligaments for knee motion and the inevitable 
implications of this for the shape of the articular surfaces. 
The model introduced by Morrison (1970) describes the play of forces 
in the knee-joint during locomotion and encompasses several muscle 
groups. The model assumes that knee motion is a flat flexion-extension 
motion round a fixed axis, and disregards the strain in the ligaments. Due 
to these many simplified assumptions this is a crude model, which 
nevertheless gives a good impression of the order of magnitude of the 
forces involved. Crowninshield et al. (1976) developed a geometrical 
model with which the restraint of the knee to varus-valgus motion, endo-
exorotation and anlero-posterior displacement could be predicted from 
the mechanical properties and the anatomy of the principal ligaments, in 
various angles of flexion. The kinematic behaviour of the knee was 
accepted as a constant in this model. 
The knee model of Wismans (1980) combines the possibilities of the 
preceding models and further expands them. It is therefore a highly 
complex model which requires the use of a computer (computer simula-
tion model). In this model the tibia and femur arc assumed to be rigid 
(non-deformablc) bodies. The three-dimensional shape of the articular 
surfaces and the anatomy and mechanical properties of ligaments and 
capsule are accounted for on the basis of measured data. Proceeding from 
a given angle of flexion and an external load, the model calculates the 
relative spatial positions of the bone fragments, the stresses and strains in 
the ligaments, the location of contact points and the contact forces. 
Kinematic variables (e.g. screw axes) as well as restraint to load (stability 
behaviour) and internal force variables can be calculated with the aid of 
this model. Wismans (1980) achieved reasonable agreement between the 
results he obtained with this model and those of a number of experiments 
described in the literature. However, complete verification of this model 
on the basis of well-defined experiments has not yet taken place. 
The lastmentioned model in particular makes it possible in principle to 
simulate the mechanical behaviour of the knee in detail, although even 
this model of course makes numerous simplified assumptions. A model 
of this kind can nevertheless be of great value in efforts to combine the 
individual results of experiments in a mechanical concept which clearly 
depicts the quantitative influences of the various structures of the knee on 
its mechanical behaviour. Sufficiently accurate experimental data are 
required to achieve this. The results to be described in the next chapter, it 
is hoped, may provide some of these data. 
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CHAPTER 4 
LENGTH MEASUREMENTS ON THE CRUCIATELIGAMENTS: 
MEASURING TECHNIQUE AND RESULTS 
4.1 THE SELVIK MEASURING SYSTEM 
The measuring system introduced by Selvik in 1974 is based on roentgen 
stereophotogrammetry and is suitable par excellence for kinematic 
studies of the skeleton. This system was chosen for the following reasons: 
- three-dimensional technique 
- high accuracy 
- comprehensively tested system was immediately available 
- good manageability and great flexibility 
- no or only minimal damage to the object measured. 




Simple representation of the localization of a point Ρ in space. This requires two light 
sources of known position, a ground surface for projection, and a reference system. 
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the ground at two different positions of the sun (fig 4 1), so also can the 
position of a point in space be determined with the aid of two projections 
from two roentgen foci This roentgen stereophotogrammetnc system 
can be elaborated in various ways in an experimental set-up, but the 
following basic components are always required 
- two sources of radiation 
- an object with clearly identifiable object points or markers 
- a reference configuration with known marking points 
- projection planes for projection of the object points and reference 
points 
Using the Selvik measuring system, the spatial positions of the 
roentgen foci and subsequently those of the ob|ect points are calculated 
with the aid of computer programmes after measuring all the marking 
points projected on the projection planes 
A role of central importance is assigned to the reference configuration 
the so-called test cage This comprises two parallel planes with marking 
points and defines the laboratory coordinate system in relation to which 
all spatial coordinates are determined The bottom plane or fiducial plane 
contains at least four markings in known positions These data, together 
with the positions of the projections of these points, determine the 
transformation constants with which all projected points can be trans-
formed to the fiducial plane The rule of central projection (Selvik 1974) 
on which this procedure is based, demands that the source of radiation be 
ideally punctate and the fiducial plane ideally planar That these demands 
cannot be met exactly gives rise to measuring errors 
The top plane or control plane of the test cage contains at least two 
known marking points, which are used to calculate the positions of the 
foci Finally, the spatial positions of the object points are then calculated 
from their measured projections, transformed to the fiducial plane, and 
the positions of the roentgen foci 
An essential feature of the Selvik system is that both the fiducial plane 
and the control marking system are rebundant In other words the planes 
contain more marking points than are strictly required This permits 
mathematical optimalization, which significantly enhances the accuracy 
of the measuring system 
In the actual experimental set-up the following components play a role 
- Two immovably suspended roentgen tubes The distance between the 
foci should be sufficient to ensure adequate separation of the two 
object projections on the film For example, a focus-focus distance of 
about 70 cm and a focus-film distance of 120 cm ensures a well-
separated image when the object is fixed 10-15 cm above the film This 
configuration, however, is entirely arbitrary, the quality of the image 
in the experiment is the determinant factor 
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Test cage A used in this study, and reference plate B. The Plexiglas side-walls of cage A 
connect the ground surface or fiducial plane (which bears nine widely spaced tantalum 
pellets) with the top surface or control plane (which bears nine closely spaced pellets). 
The origin of the laboratory coordinate system is the middle pellet in the anterior row 
of fiducial markers (arrow in cage A). For the calibration exposure cage A is placed on 
reference plate В (three parellel arrows). For subsequent exposures with the object in 
situ, only the reference plate remains fixed above the film cassette. 
- A loaded film cassette. The sensitivity of the film plays a role only if a 
live object is examined and the radiation load must be the minimal 
possible. A standard roentgen film in a cassette with image-intensi­
fying screens is acceptable for cadaver studies. The cassette should be 
as flat as possible because the calculations proceed from the assump­
tion that ail projections are in the same plane. 
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Figure 4.3 
The calibration exposure. In the experimental set-up test cage A has been placed on 
reference plate B. which in turn is immovably fixed by screws above the film cassette. 
- A calibrated test cage consisting of a bottom plane and a top plane, 
connected by two vertical side planes of equal height. A test cage can 
vary in dimensions; the depicted cage A (figs. 4.2, 4.3 and 4.4) is an 
example. The bottom plane or fiducial plane of this cage carries three 
rows of three widely spaced tantalum pellets in known positions: the 
central pellet in the front row is the origin of the laboratory coordinate 
system (top arrow in fig. 4.2). The top plane of the cage has three rows 
of three less widely spaced pellets, called control points. Their 












Schematic representation of the calibration exposure. With the fiducial plane, the 
laboratory coordinate system is fixed. The fiducial markers permit transformation of 
all projected points to the fiducial plane. The positions of the foci arc calculated with 
the aid of the control points. After the calibration exposure reference plate В takes 
over the function of test cage A. 
positions of the roentgen foci can be calculated indirectly. The test 
cage A used in this study is made of flat plate-glass, with side-walls of 
Plexiglas. 
- An object with object points. Implanted tantalum pellets are used as 
fixed test object points readily identifiable on the film. The metal 
tantalum is a highly suitable markers; because of its high density 
(atomic weight 181) it is clearly depicted; because it is well-tolerated in 
living tissue (high biocompatibility) it can be used in vivo. Tantalum 
pellets are available in several diameters: 0.5 mm, 0.8 mm and 1.0 mm. 
Aronson (1976) designed a special implantation device with 
which the pellets are shot into the skeletal part examined via a needle. 
Direct implantation via a drill hole is also possible. 
For roentgenography the test cage is placed on the loaded cassette, 
whereupon the test object with markers is so fastened inside the cage that 
a well-separated double image can form. The film shows the double 
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proiections of the fiducial markers, of the control points and ot the ob|ect 
markers Using a coordinate-measuring table, the two-dimensional coor-
dinates of all projected points are measured and then registered on a 
punch tape with the identification numbers of the markers The computer 
calculates the spatial coordinates of the object markers in three steps-
Step 1 Transformation of all pro|ectcd points to the (laboratory) coordi-
nate system of the fiducial plane The four fiducial markers and 
their projections provide the transformation constants with the 
aid of which the projections of the control points and object 
points can be transformated to the fiducial plane. 
Step 2 The localization of the roentgen foci are calculated from the 
positions of the control points in the top plane of the test cage and 
the positions of the transformed proiections of these points in the 
fiducial plane, as calculated in step 1 
Step 3 Calculation of the positions of the ob|ect markers After transfor-
mation of both proiections of such a point to the fiducial plane the 
computer reconstructs the ray path between the two transformed 
projections and the two foci The three-dimensional coordinates 
of the best-approximated "point of intersection" indicate the 
position of the object marker. 
In the above described way the computer programme "X-RAY" calcu-
lates the spatial coordinates of all object points in relation to the 
laboratory coordinate system The positions of objects (e g femur and 
tibia) are determined by the positions of at least three non-colhnear 
object points A second computer programme ("KINEMA") calculates 
these positions in relation to a laboratory coordinate system and in 
relation to each other, in terms of translations and Euler rotations In 
order to increase the degree of accuracy, more than three object points 
per bone fragment are used, and mathematical optimalization is effected 
in the computer programme. 
This evaluation is carried out in every position of the joint, and from 
these data the computer programme can calculate the changes in the 
relative positions of the bone fragments in every position of the joint in 
terms of translations and Euler rotations, or in terms of translation along 
and rotation round a screw axis, as discussed in the preceding chapter. 
The theoretical backgrounds of these calculations were described by 
Selvik (1974) 
4.2 PRACTICAL ADAPTATIONS OF THE SELVIK MEASURING SYSTEM 
For practical reasons the above described measuring set-up was modified 
without changing the principle of the method Using the test cage A, 
the identification of the projections of the fiducial markers, control 
points and object markers can pose problems due to blending Moreover, 
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kinematic joint studies call for a series of roentgenograms of successive 
positions. The movement would have to be executed inside the cage, or 
the cage would have to be first exposed in each position, and subsequent­
ly be replaced by thejoint. Adequate kinematic studies cannot be performed 
in this way, however, and this is why Selvik introduced an auxiliary 
fiducial plane: reference plate В (fig. 4.2). This consists of flat plate-glass 
and has ten tantalum pellets on the left, and ten more on the right half. 
To facilitate identification on the film, one central pellet was added to the 
ten on one side, and two pellets were added to the ten on the other side. 
Only one calibration exposure without object was now required, with the 
test cage placed on the reference plate. After this first exposure the test 
cage could be removed and the kinematic joint study could be performed 
above the reference plate. 
This method was used for our personal observations (figs. 4.3 and 4.4). 
The calibration exposure permits calculation of the transformation 
constants and the transformation of all points to the fiducial plane (Step 
1), followed by the localization of the roentgen foci (Step 2). The 
projections of the markers of the reference plate are likewise transformed 
to the fiducial plane and henceforth serve as auxiliary fiducial points, 
with the aid of which the positions of the object markers are determined 
(Step 3). 
The exposures of the test object above the reference plate again and 
again show the projections of the markers of this plate. These projections, 
together with the fixed auxiliary fiducial points, at each exposure provide 
a second set of transformation constants, with the aid of which the 
projections of the object markers can be transformed to the fiducial 
plane. Since the localizations of the foci are known, the positions of the 
object markers can be calculated. 
The experimental set-up used unconditionally met the following 
demands: 
- Invariable positions of the roentgen foci during a test; these positions 
were calculated once from the calibration exposure. 
- Invariable position of the reference plate during a test; the markers of 
this plate were transformed once to the fiducial plane, and subsequent­
ly regarded as fixed auxiliary fiducial points. 
4.3 MATERIAL 
Very strict criteria were applied in selecting material; only normally 
functioning knees were studied. A pilot study was performed with knees 
from patients who had undergone an above-knee amputation necessi­
tated by peripheral vascular disorders. Whether protracted hospital care 
had unfavourably affected knee function in these patients could not be 
established with certainty; but it seemed likely. This is why later we 
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selected knees from autopsy patients who had died from causes unrelated 
to the knees. All knees were fresh and showed normal mobility. Scars of 
previous opérations, abnormalities such as instability or evident signs of 
gonarthrosis were grounds for elimination. The pre-test examination was 
of necessity confined to the exterior, but after the complete kinematic 
study the interior of the knees was examined as well. The knees of the 
elderly patient showed slight signs of chondromalacia, which had not 
been noticed at preselection and therefore had not led to elimination. All 
menisci proved to be intact. 
The accepted knees were carefully prepared in order to avoid damage 
to the knee capsule. The femur as well as the tibia (together with the 
fibula) were sawn off at 15 cm from the joint space; only the skin and 
subcutaneous adipose tissue were removed. The fascia lata, the muscle 
cuff and the joint capsule — the structures responsible for stability — 
were left intact. The thus prepared knees were wrapped in a plastic bag and 
stored in deep freeze until the kinematic study was started. Λ study of 
Viidik and Lewin (1966) demonstrated that this type of storage had no 
untoward effect on the mechanical properties of fibrous tissue. They 
tested a large number of rabbit cruciate ligaments, which were stored in 
various ways. Storage at -20oC did not alter the stiffness, tensile strength 
or toughness of these ligaments. Brief storage in physiological saline at 
room temperature (up to about 5 hours) caused no deterioration of 
mechanical properties either. This is of importance because during the 
test procedure the specimens were exposed to room temperature for some 
time, loosely wrapped in gauze soaked in physiological saline. It can be 
reasonably assumed that storage and test procedure did not unduly alter 
the mechanical properties of the fibrous tissue. 
During the night preceding the test the knees were allowed to thaw 
slowly, usually in the cooling compartment of the refrigerator (+40C), 
whereupon six tantalum pellets with a diameter of 0.8 mm were 
implanted in the femur, and six more in the tibia. The femur was 
approached at a level immediately proximal to the condyles via two small 
incisions made medio-dorsally and latero-dorsally to the quadriceps 
muscle. The surface-near tibia required no incision of tissues. The pellets 
were fastened in a small awl-picrced hole with the aid of quick-drying 
tissue glue (Histo-acryl). A few centimetres of the bone fragments 
proximal and distal to the joint space were reserved for subsequent 
implantation of the markers of the attachments of the CL. The tissue glue 
ensured firm fixation of the pellets. To check the positions of the markers 
a normal roentgenogram was made in two directions. Only if this proved 
satisfactory was the knee fixed in the set-up. The already mentioned pilot 
study examined a series of flexed positions of four knees. A midposition 
for exo-endorotation was chosen at random. The results obtained with 
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the first two knees of this pilot study have meanwhile been published 
(Van Dijk. Huiskes and Selvik 1979). For the continued study we selected 
five knees, including two pairs (table 4.1) and decided to study not only 
flexion in a random midposition of rotation but also flexion in endorota-
tion and in exorotation (section 4.4 describes how this was done). 
Table 4.1 Data on five knee specimens. 

















The experimental sel-up with a left knee. The tibia is fixed with screws in the movable 
head of standard T. The femur rests loosely in a foamrubber-lined ring of standard F: 
this ring can be moved up and down to test play (arrows). One half of reference plate В 
is covered with a lead shield. The cassette С can be exchanged without changing the 
position of the screwed-down reference plate B. 
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4.4 PROCEDURE OF THE EXPERIMENT 
Before the marked knee was fixed in the experimental set-up, a calibra-
tion exposure was made (figs. 4.3 and 4.4). Only if this yielded a 
roentgenogram of optimal quality with clearly identifiable markers of test 
cage and reference plate was the actual test procedure started. From that 
time on the positions of the roentgen foci and the reference points 
remained unchanged (section 4.2). The design of the experimental set-up 
was simple (fig. 4.5): a metal base-plate with a very heavy standard (T) for 
fixation of the tibia and a standard (F) for the femur which can be moved 
along a protractor. 
The tibia was fixed in a hollow bracket with pointed screws, movable in 
all directions, with which the tibia could be positioned 15-20 cm above 
the centre of the film cassette. This height ensured a well-separated 
double image and the solid structure of the standard (T) ensured a firmly 
fixed position of the tibia. With the knee extended, the line connecting the 
two femoral epicondyles was set as nearly vertical as possible and the 
proximal end was loosely held in a foamrubber-lined ring of the standard 
(F). This did not inhibit femoral movement: rotation was unhampered. 
The effects of gravity were reduced by supporting the femoral shaft and by 
Figure 4.6 
The entire experimental set-up with the two roentgen tubes and foci F, and F,. One 
exposure can be made from F,, the double image being obtained by exposure Trom F, 
after shifting the lead shield to the other half of the reference plate. 
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fixation of the suspended quadriceps muscle with the aid of a suture and a 
clip. The angle of flexion could be estimated approximately from the 
protractor. Later, the computer calculated the exact angles in relation to 
extension. 
In order to obtain a double image of optimal quality, successive 
exposures were made from the two foci F, and F2. Between these 
exposures a lead shield was shifted from one half of the film cassette to 
the other to prevent mutual overexposure from F, and F2 (fig. 4.6). 
Extension never posed problems, the knee assuming its position 
spontaneously. In flexion, however, the choice of a midposition proved to 
be far from simple; there was always a considerable margin, as shown by 
the fact that the femoral ring could be moved up and down. Not without 
randomness, a midposition had to be chosen again and again. The 
decision was therefore made to include the extremes of the margin in the 
study, and consequently three exposures were made in all angles of 
flexion from 15° on: highest position, midposition and lowest position. 
This margin implied an abduction-adduction movement in 15° flexion, a 
combined abduction-adduction and exo-endorotation from about 30° 
flexion on, and only exo-endorotation from about 40° on. It can be 
deduced from fig. 4.5 that the succession of movements was as follows: 
- Adduction (= varus tilt) — endorotation (position 2). 
- Abduction (= valgus tilt) — exorotation (position 1). 
Since no great external forces were applied, the abduction-adduction 
movements remained small; in higher angles of flexion, however, a 
considerable exorotation or endorotation proved to occur. In lower 
angles of flexion the rotation was not tested. In order to gain a complete 
impression of the possibilities of exo-endorotation the tibia would have 
had to be flexed and rotated within the limits of rotatory laxity while the 
femur remained fixed. This, however, was not done. 
During the test procedure a total of 35 double exposures was made per 
knee: 
- The exposure in extension. 
- Eight exposures from 15° to 120° flexion at intervals of about 15°; after 
the midposition the highest and the lowest positions were exposed in 
all angles of flexion (fig. 4.7). 
- Control exposures in about 0°, 15°, 60° and 75° flexion. 
The final step of the experiment was to open the knee and inspect its 
interior, whereupon the CL bundles were marked with tantalum pellets 
(fig. 1.25). The final exposure (fig. 4.8) was used to calculate the positions 
of the four femoral and tibial CL markers in relation to those of the six 
primarily implanted femoral and tibial pellets, respectively, and thus also 
their relative positions and mutual distances in each of the 35 knee 
100 
Figure 4.7 
Double image of a knee specimen in 30° flexion and neutral rotation. Six femoral and 
six tibial markers are visible (the knee capsule remained intact at their implantation). 
In this illustration the points of the reference plate are shown as asterisks. 
Figure 4.8 
Double image of a knee specimen after implantation of the pellets marking the CI. 
bundles. 
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positions. With these data the length patterns of the CL bundles could be 
calculated. 
4.5 RESULTS 
In addition to data on the length patterns of the CL bundles, a virtually 
complete impression was obtained of the kinematic behaviour of the knee 
under the conditions of the experimental set-up described. In retrospect, 
all changes of position during the experiment could be accurately 
calculated in terms of Eulcr rotations, and a screw axis and screw 
rotation could be determined for each change of position. The results 
were arranged as follows: 
- Description of rotations round the x-axis (flexion-extension), the y-
axis (endo-exorotation) and the z-axis (abduction-adduction). 
- Length patterns of the CL bundles in absolute and relative values. 
- The positions of the screw axes for flexion-extension. 
- The positions of the endo-exorotation axes, determined in the higher 
angles of flexion. 
- The spatial orientation of the CL and their relation to the screw axis 
for flexion-extension. 
- Intraligamentary and interligamentary "torsion" of the CL. 
The description of these results pertains to all five knees examined in 
this series (table 4.1); for economy of space only the illustrations of 
specimens 2 and 3 are included in this chapter. The illustrations of 
specimens 1, 4 and 5 are presented in Appendix 1. 
4.5.1 Description of the rotations executed 
Full extension was always chosen as initial position (by definition: Φ = 0°, 
Ψ = 0° and Θ = 0°) to which all subsequent flexions and rotations 
related. The possibility of slight individual differences in the sense of 
hypcrextension or limitation of extension between the knees tested was 
not taken into account; marked differences were not found in the pre­
selection. An attempt was made to attune the description of the results to 
the nomenclature of knee movements in the clinical literature; all 
movements were represented as executed by the tibia in relation to the 
femur. Since during the test procedure the femur moved in relation to the 
tibia, a transformation calculation was required. The rotations were 
ultimately calculated round the axes of a body-fixed coordinate system of 
the tibia, the order of sequence being Φ (round the x-axis, positive 
flexion, negative extension), Ψ (round the y-axis, positive endorotation, 
negative exorotation) and Θ (round the z-axis, positive adduction, 
negative abduction). 
Mention should be made again of the nomenclature of the dotted curve 
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("tibia in endorotation") and the dashed curve ("tibia in exorotation"). 
In the lower angles of flexion no endo-exorotation was imposed on the 
knee, and play was tested mainly offering an abduction movement and an 
adduction movement, respectively. Endo-exorotation (considered to be 
more important) was observed in the higher angles of flexion, and for this 
reason the abovementioned nomenclature was accepted. 
4.5.1.1 Flexion-extension movement (Φ) 
This movement was executed freely by all knees from 0° to 120°, amply 
within the maximum possible excursion of the knees. Of the nine angles 
of flexion, only the first was defined exactly (Φ = 0°), the subsequent 
Vldtgrtitl 
I 
— ф і degrees) 
100 ' 120 
specimen 2 
left knee d 16 yr 
flexion movement 
о—о fibra in neutral position 
Φ----· tibia in exorotation 
д. a tibia in endorolation 
4 
tibia m respect to femur 
ф( degrees I 
20 40 60 80 100 120 
Figure 4.9 
Flexion movement Φ of specimen 2. this flexion is accompanied by a rotation Ψ round 
the y-axis (endo-exorotation) and a rolation Θ round the 7-axis (abduction-adduc­
tion). 
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angles being approximated at intervals of 15°. The positions calculated 
later sometimes differed considerably from the approximated angle of 
flexion, and subsequent control exposures in 15°, 60° and 75° proved not 
to be exactly identical with the corresponding exposures in the first series. 
This was no objection, however, because the set angles of flexion could be 
accurately calculated in retrospect. 
4.5.1.2 Endorotation-exoroiation movement (Ψ) 
All curves with the tibia in neutral midposition showed in the initial 
phase of flexion a synchronous endorotation, i.e. a positive rotation Ψ 
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Figure 4.ІЧ 
Flexion movement of specimen 3. w i ih synchronous rotations round the y-axis and the 
7-axis (Ψ and Θ). 
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showed the same course almost without exception (figs. 4.9 and 4 10, Ap. 
1.1-Ap. 1.3). This endorotation, opposite to the tibial exorotation or 
screw-home rotation in the final phase of extension, seemed to occur 
obligatorily In agreement with reports by other investigators (Braune 
and Fischer 1891, Hallen and Lmdahl 1966), the value of this screw-home 
rotation was measured on the neutral curve between 0° and 20° (table 
4.2). 
Table 4.2 Value of the screw-home rotation measured from the neutral curve between 
0* and 20°. 
Specimen Screw-home rotation (Ψ) 
1 7 5* 





Whereas qua rotation the three curves were close together in the initial 
phase of flexion, they diverged markedly from 30° flexion on, indicating a 
tendency to rotate as play was tested in upward and downward 
direction. The highest and the lowest curve were separated by a broad 
area within which the knee could freely rotate and within which the 
neutral curve was localized. The position of this neutral curve was so 
random that an attempt at quantitative expression of the possibilities of 
endo-exorolation in relation to this curve seemed futile (see Ross 1932). 
The margin of free rotation was calculated for 60° and 90° flexion: it was 
not done for lower angles of flexion because no pure endo-exorotation 
was offered while the play was being tested (table 4.3). 










19 3* (15 6* ~-3.7·) 
20 2* (22 5* — 2.3*) 
18.0* (15.3* «--2.7·) 
20.6* (16 8* «- -3.8*) 
22.0* (18 l*«--3.9·) 
20.0* (17.7* —-2.3·) 
90* flexion 
20.6* (16.2* —4.4*) 
25.5* (21.0* — 4.5') 
22.8* (15.3*—-7.5*) 
22.9* (16.2* — -6.7') 
28.1' (22 7 * — -5.4') 
24.0' (18.3·—-5.7*) 
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All knees showed a wider margin of rotation with increasing flexion, 
the average being 20 0° and 24 0° in 60° and 90° flexion, respectively 
These values did not exceed the level of primary laxity measured by Wang 
and Walker (1974) and Markolf et al (1976) during exposure to small 
torques (table 3 2) The forces applied in our test procedure were small 
and caused the knees to move within the margin of free rotation AH 
neutral curves were on the endorotatory side of the initial position (T = 
0°) due to the synchronous endorotation in initial flexion During a 
natural movement of the knee this endorotation continued to about 40°-
60° flexion before changing into an exorotatory movement Applying 
small torques, the knee could be moved within the margin of rotation and 
even brought to the exorotatory side of the initial position (Ψ < 0 o as 
exorotation was offered in 60° and 90° flexion) The pairs 2-3 and 4-5 
showed good agreement in terms of rotation 
4 5 13 Abduction-adduction (valgus- агич) movement (Θ) 
All knee specimens showed a synchronous abduction or valgus move­
ment of the tibia with increasing flexion in all test positions (table 4 4) As 
Table 4 4 Synchronous tibial valgus rotation (maximal values) with increasing flexion 
in all test positions 



















expected, there was a slight range about the neutral curve because valgus 
and varus movements were offered in testing the play in the lower angles 
of flexion This range disappeared in about 40° flexion The maximum of 
the synchronous valgus movement was attained in the higher angles of 
flexion (\Q0°-\20°\ and this maximum proved to be higher in endorota­
tion than in the neutral position and in exorotation (respective averages-
13 1°, 10 7° and 9 6°) This valgus movement seems to be determined by 
the geometry of the articular surfaces 
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4.5.2 Length patterns of the cruciate ligament bundles 
4.5.2.1 Absolute values 
The established lengths of the four bundles studied — AAC (anterior 
bundle of the ACL), PAC (posterior bundle of the ACL), APC (anterior 
bundle of the PCL) and PPC (posterior bundle of the PCL) — showed 
considerable relative differences in the five specimens, mainly as a result 
of differences in the dimensions of these knees. 
In addition, the not entirely reproducible implantation of the markers 
played a role in this respect. Some markers sank slightly deeper into the 
bone; some showed slight differences in antero-posterior or medio-laleral 
direction; some lay slightly higher, some slightly lower on the intercon-
dylar eminence. For this reason the absolute value of the bundle lengths 
(the height of the curves) was considered to be less important than the 
changes in length during the movements examined (the shape of the 
curves). 
The graphic representation of the length patterns of the CL bundles 
makes it possible to indicate certain trends (figs. 4.11 and 4.12; Ap. 1.4 -
Ap. 1.6): 
- In full extension the length of the AAC always significantly exceeded 
that of the PAC (see also fig. 1.9), in contrast with the lengths of the 
APC and PPC. The latter were of virtually equal length in extension, 
and occupied an intermediate position between the bundles of the 
ACL. The question whether the length of the ACL as a whole might be 
compared with the length of the PCL as a whole could not be readily 
answered on the basis of these data. An imaginary central bundle, 
calculated as the mean of the anterior and posterior bundles of both 
CL, showed an insignificant difference in favour of the PCL. 
- With increasing flexion in neutral position the anterior bundles of 
both CL (AAC and APC) increased in length. The curve of the AAC 
was flatter than that of the APC, and between 35° and 45° flexion 
attained a plateau: the length remained virtually constant despite the 
increase in flexion. The APC showed a more marked increase in length 
than the AAC, and attained its plateau only after 65°-80o flexion. 
- Unlike the anterior bundles, the posterior bundles of both CL (PAC 
and PPC) initially decreased in length during flexion, but without 
attaining a plateau. Between 60° and 110° flexion the PAC passed a 
turning-point, whereafter its length slightly increased again. For the 
PPC a turning-point was found between 45° and 65° flexion. Only 
once did a bundle resume its initial length (the PPC of specimen 1). 
The turning-points and plateaus showed a considerable range. 
- The length curves with the tibia in endorotation (dotted) and in 
exorotation (dashed) were assessed mainly in higher angles of flexion. 
107 
L (mm ) 
20 M 60 80 100 120 20 ί,Ο 60 80 100 120 
- ^ - т^ ^ t ^ . ^ - =* ^ * -
20 40 60 ВО 
specimen 2 










' ^ ^ 
L„ = 28 63im 







г * ^ 
" 
Δ 
60 80 100 120 
— — φ (degrees I 
Figure 4 11 
The absolute and relative length patterns ot the bundles of the ACL (AAC and РАС) 
and the PCL (APC and PPC) during flexion-extension and endo-exorotation, 
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They proved roughly to follow the length curves with the tibia in 
neutral position. Proceeding from the postulate that increase in length 
can be translated into strain and increase in restraint, attention was 
focused mainly on the effect of endo-exorotation on the two bundles 
AAC and APC, which increased in length as a result of flexion. In 
exorotation the distance between the attachments of the AAC di-
minished, but the length of the APC increased. In endorotation the 
length curves of the AAC and the APC were very close to the length 
curves in neutral position. There was certainly no uniform increase in 
length of the bundles mentioned. The small increase in length in 
endorotation indicates, at least in the area of primary laxity, a small 
change in restraint. These observations disregarded the possibility of 
the AAC and APC winding round each other during endorotation, 
which could evoke additional restraint to endorotatory forces. 
4.5.2.2 Relative values 
Interindividual differences between the specimens made it difficult to 
compare the absolute values of bundle lengths. By relating all measured 
lengths of a bundle to its initial length in full extension (Ln) the changes in 
length were made comparable. This was achieved by plotting the quotient 
of the measured length L and the initial length L0 in a graph. A value in 
excess of or smaller than 1 indicated an increase or decrease, respectively, 
in relation to the initial length. Multiplication of a relative value by 100 
made it possible to represent the bundle length as a percentage of the 
length in extension and thus to obtain the percentage of increase or 
decrease in length. The graphic representation of the relative length 
patterns of course showed the same plateaus and turning-points as the 
curves of the absolute values. 
The curves of the respective bundles in neutral rotation of the five 
specimens were summated (figs. 4.13 and 4.14); comparable bundles 
were found to show similar tendencies. A mean curve for the respective 
bundles was not calculated because the number of knees was small. But 
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Summated relative length patterns of the ACI bundles (AAC and РАС) orspccimens 
1-5 during flexion in neutral rotation. Fspecially in the initial phase of flexion the 
AAC increase and the РАС decrease in length 
Figure 4.14 
Summated relative length patterns of the PCL bundles (APC and PPC) of specimens 
1-5 during flexion in neutral rotation. 
with the abovementioned figures such a curve was quite readily con­
ceivable. Only the mean maximal change in length of the bundles was 
calculated (table 4.5). 
In summary, the following trends were established: 
- The increase in length of the APC always significantly exceeded the 
increase in length of the AAC. The decrease in length of the РАС 
always exceeded the decrease in length of the PPC. 
- The change in length caused by flexion proved to exceed that caused 
by endo-exorotation. Endorotation hardly influenced the increase in 
AAC and APC length during flexion; exorotation caused a decrease in 
length of the AAC and an increase in length of the APC. 
4.5.3 Reproducibility of the length patterns 
Control measurements were made in order to establish whether the 
values found were reproducible. Another series of exposures was made in 
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Figure 4 15 
Control measurements of the lengths of the ACI bundles The nine primarily 
measured lengths of the AAC and PAC during flexion in neutral rotation were used to 
calculate, with the aid of the General Linear Models (GI M) procedure of the 
Statistical Analysis System (SAS), a flowing curve for both bundles with the 
corresponding limits of the 95% confidence interval The reproducibility of the length 
measurements is demonstrated by the comparable positions of control measurements 
and primary measurements in relation to these curves 
Figure 4 16 
Control measurements of the lengths of the PCI bundles APC and PPC during flexion 
in neutral rotation 
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extension and in about 15°, 60° and 75° flexion (a total of 10 roentgeno-
grams per specimen). 
The control measurements could not be described as duplicate meas-
urements because neither the angle of flexion nor the position of rotation 
could be set in exactly identical ways in the first and the second 
positioning. Especially the choice of the neutral midposition within the 
margin of free rotation was a random one. It did not seem very likely that 
changes in the mechanical properties of the ligaments in the internal 
between the first and the second measurement could have played an 
important role (section 4.3). 
Hysteresis as a result of the visco-clastic properties of fibrous tissue 
must have been involved, but can only have been slight in view of the 
slight load. 
To ensure comparability of the control measurements with the initial 
measurements, we mathematically calculated for the four bundles of one 
of the specimens (specimen 3) four flowing (quadratic) curves which 
approximated the initially measured changes in length as closely as 
possible. The 95% confidence interval of the measurements was calcu-
lated in relation to these curves (figs. 4.15 and 4.16). All but one of the 
control measurements proved to be within this interval — a finding which 
warrants the conclusion that the measurements were adequately repro-
ducible. 
4.5.4 The positions of the screw axes for flexion-extension 
The computer programme KINEMA calculated an instant screw axis for 
each change in position. In full extension a coordinate system was 
projected both in the femur and in the tibia. The origin of the body-fixed 
tibial system was the most posterior marking pellet of the tibial attach-
ment of the ACL (figs. 3.1 and 4.17); in extension the y-axis parallelled 
the y-axis of the laboratory coordinate system, while the x-axis had 
rotated 90° and assumed a position perpendicular to the fiducial plane. 
The knee movements could be generally described as movements of the 
femoral system in relation to the fixed tibial system, or vice versa. The 
tested movement of the femoral system could be converted to movement 
of the body-fixed tibial coordinate system in relation to the femur. The 
instant screw axes could be drawn in relation to a fixed femur, but also in 
Figure 4 17 
The instant screw axes for eight steps of flexion (1-8) of specimen 3 The projections on 
the frontal (x\) plane arc represented, as are the points of intersection with three 
sagittal planes, not only during flexion m neutral rotation but also during flexion in 
endorotation and exorotation. 
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relation to a fixed tibia. We opted in favour of the latter representation 
(fig. 4.17). 
The way in which the specimen was positioned in the experimental set-
up determined the orientation of the tibial and femoral coordinate 
systems with the knee extended, and thus the positions of the midsagittal, 
the frontal and the transverse plane. With the knee extended, attempts 
were always made to ensure that the joint space and the line connecting 
the femoral epicondyles were vertical, and that the tibial tuberosity 
pointed forward. This way of positioning was a choice, equally well-
justifiable as any other way of positioning. The bone contours of fig. 4.17 
were later drawn in the coordinate system with the aid of the dry bone 
components. After cleansing and boiling of the osseous structures the 
tantalum markers remained visible, and the bony components could be 
fitted into the coordinate system and drawn. 
For all eight steps of movement (lst-2nd, 2nd-3rd position, etc.), an 
instant screw axis could be determined which was protected on the planes 
of the tibial coordinate system (fig. 4.17). In the frontal plane (xy) the axis 
was seldom horizontal; the usually oblique course was consistent with the 
asymmetric movement of the medial and lateral femoral condyles. Nearly 
always (except in the highest angles of flexion) the screw axis in flexion in 
neutral rotation was so inclined that it was closer to the joint space on the 
lateral than on the medial side. The inclination was most marked in the 
initial phase of flexion. All this indicated that a more rolling movement 
was executed on the lateral, and a more sliding movement on the medial 
side, resulting in endorotation in synchrony with the flexion (figs. 4.9 and 
4.10). Flexion with the tibia in endorotation (middle series of fig. 4.17) 
reinforced the abovementioned inclination of the instant screw axes. In 
flexion with the tibia in exorotation, however, horizontal axes were 
usually found, and sometimes even an axis which was closer to the joint 
space on the medial than on the lateral side (bottom series of fig. 4.17). 
Inclination of the instant axes indicated an asymmetric flexion movement 
of the medial and lateral femoral condyles: an asymmetric rolling and 
sliding. 
In order to obtain a three-dimensional representation the intersections 
of the instant screw axes with the midsagittal, a medial and a lateral 
sagittal plane were determined (fig. 4.17). A striking feature was that the 
displacement of the instant axes in the midsagittal plane was less than 
that in the medial and the lateral sagittal plane; especially in the case of 
considerable synchronous rotations, the axis displacements in the medial 
and the lateral sagittal plane were considerable. In all knees the dis-
placement of the instant axis in the midsagittal plane was evaluated 
during flexion in neutral rotation. The axis displacement was calculated 
both in relation to the fixed tibia and in relation to the fixed femur; the 
latter results are not illustrated here. 
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Figure 4.18 
The points of intersection of the instant screw axes for endo-exorotation with the transverse (xz) plane of specimens 2 and 3. Axes 3-8 (flexion 
positions 4-9) are representative and are localized around the medial tubercle of the intercondylar eminence. 
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- In relation to the tibia the instant axis moved along a 7ig-zag line, the 
8th axis being on average 9 mm dorsal to the 1st axis With increasing 
flexion the axis moved more in the direction ol the tibial plateau In 
this respect there were no marked qualitative differences between the 
knees examined 
- In relation to the femur the instant axis likewise moved along a zig-zag 
line, 9 mm dorsally and without exception distally 
Finally, the positions of the points of intersection of the instant axes 
with the medial and the lateral sagittal plane showed that, during flexion 
with the tibia in endorotation, the axes were medially localized more on 
the ventral and laterally more on the dorsal side of the plateau The 
reverse was found in flexion with the tibia in exorotation During flexion 
the instant axes rotated along with the femoral condyles in synchrony 
with the femoral endo-exorotation 
4.5.5 The positions of the screw axes for endo-exorotation 
Did the CL constitute a pivot round which the tibial rotations were 
executed9 What was the spatial relation between the CL and the axis of 
endo-exorotation9 It was found possible to determine the screw axis of a 
pure endo-exorotation as well as the point of intersection of this axis with 
the transverse (xz) plane (fig 4 18) 
The calculations showed that these instant axes rarely intersected the 
transverse plane perpendicularly, in other words the movement proved 
to have been no pure endo-exorotation but to have involved (inevitable) 
rotatory components in other planes 
In eight angles of flexion (positions 2-9) the play of the knee was tested 
by means of an upward and downward movement of the femur For 
reasons already mentioned (subsection 4 5 1) the instant axes 3-8 (calcu-
lated for the endo-exorotation in flexion positions 4-9) were regarded as 
representative of tibial rotation These instant axes were always close 
together, only axes 1 and 2 showed marked deviations The axes 3-8 were 
arranged around the tibial attachment of the postero-lateral bundle of the 
ACL at the level of the medial tubercle of the intercondylar eminence (fig 
4 18 and Ap. 1 7) In specimen 4 the localization was slightly more 
medial With increasing flexion the points of intersection tended to show 
dorsal displacement 
4.5.6 The cruciate ligaments, their spatial orientation and relation to the 
screw axes for flexion-extension 
In order to gam an impression of the spatial orientation of the CL during 
flexion in neutral rotation, the markers of the attachments were proiected 
on the planes of the tibial coordinate system The principal proiections, 
particularly those on the frontal (xy) and the midsagittal (yz) plane, are 
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Figure 4.19 
Spatial orientation of the CL of specimen 1, visualized in the projections on the frontal (xy) and the midsagittal (yz) plane. Of three steps of 
movement (1-2, 4-5 and 7-8) the points of intersection of the screw axes for flexion-extension with the midsagittal plane were calculated (see 
arrows); these points of intersection are localized in the area in which the CL cross. 
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Figure 4.20 
The frontal and midsagittal projections of the CL of specimen 2; the arrows indicate the points of intersection of the screw axes of three steps 
of movement with the midsagittal plane. 
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Figure 4.21 
Spatial orientation of the CL of specimen 3. 
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depicted for specimens 1, 2 and 3 (figs. 4.19, 4.20 and 4.21). 
- In the midsagittal plane the ACL assumed a more horizontal course 
with increasing flexion, whereas the PCL assumed a steeper course. 
- In higher angles of flexion the marked bundles of both CL showed an 
unmistakable tendency to cross (AB with CD, EF with GH), indi­
cating intraligamentary "torsion". 
- In the frontal plane the inclinations of the CL showed no distinct 
changes. 
Of all specimens, three pairs of successive angles of flexion were 
visualized in order to represent the screw axes for flexion-extension (1st-
2nd, 4th-5th and 7th-8th position). The points of intersection of these 
axes (corresponding with the changes in position between the abovemen-
tioned successive angles of flexion) with the midsagittal plane were drawn 
for specimens 1 and 2 (see arrows in figs. 4.19 and 4.20). These points of 
intersection were invariably localized in the crossing area of the CL, and 
with increasing flexion both this crossing area and the instant axis moved 
dorsally. In the higher angles of flexion the instant axis was localized 
more at the level of the antero-medial bundle of the ACL, while its 
localization in relation to the PCL was usually a central one. 
4.5.7 "Torsion" of the cruciate ligaments 
4.5.7.1 Intraligamentary "torsion" 
Although several reports in the literature mention "torsion" in the CL, 
the meaning of this word is by no means clearly defined. It is fairly simple 
to give an intuitive interpretation in extension (see 1.2.4.1, figs. 1.22 and 
1.23). With increasing flexion, when the insertion areas of a ligament 
show relative rotation also in planes other than the horizontal, intraliga­
mentary "torsion" is less easily defined. We propose an unequivocal 
definition of this phenomenon, as elaborated in flg. 4.22 for the PCL: 
- The ligamcntary directional vector и is determined by line ON, which 
connects the midpoints of the tibial (FH) and femoral (EG) "insertion 
lines". FH and EG are projected on a plane V, which is perpendicular 
to this vector (projections VW and TU, respectively). The angle α 
between VW and TU is the intraligamentary "torsion"; a positive 
angle α indicates exorotatory, and a negative angle endorotatory 
"torsion". 
This definition is applicable in all joint positions as long as FH or EG 
is not an extension of the ligamcntary directional vector n. 
The "angle of torsion" α was calculated from the measured results for 
the ACL and the PCL in all specimens, in all positions. The tendencies 
were the same in all specimens (figs. 4.23 and 4.24; Αρ. 1.8-1.10): 
- In extension the ACL showed an exorotatory "torsion", which 
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Figure 4 22 
Principle of calculating the intraligamentarv "torsion" ot the PCL Protection plane 
V perpendicular to midline ON shows both the proicction of the tibial attachment 
VW and that of the femoral attachment TU The angle α between these proicctions is a 
measure of the "torsion" 
increased in flexion The increase during flexion in exorotatton 
exceeded that during flexion in endorotation 
- The PCL likewise showed an exorotatory "torsion" in extension, but 
this decreased in flexion and. in about 60° flexion, changed to an 
endorotatory "torsion" The decrease was intensified by flexion in 
endorotation, and attenuated bv flexion in exorotation 
Table 4 6 lists a number of values in all specimens 
Proceeding from a virtually equal exorotatory "torsion" in exten­
sion (mean value 46° for the ACL and 51° for the PCL), flexion up to 
90° proved to give rise to an opposite "torsion" movement in the CL 
(in the ACL an increase to a mean value of 105°, in the PCL a decrease 
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Figure 4 23 
Intrahgamcntary "torsion" οΓ the CL of specimen 2 In extension this "torsion" is 
exorotatory in both CL In flexion the "torsion" in the A C L increases, while in the 
PCL the exorotatory "torsion" diminishes and even changes into endorotatory 
"torsion" 
Figure 4 24 
Intraligamentary "torsion" of the CL of specimen 3 
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Table 4 6 "Torsion" of the cruciate ligaments 
Specimen ACL 
0* flexion 90* flexion 
PCL 
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4 5 7 2 Interhgamentary "torsion" 
In the literature there is considerable speculation about the question 
whether the CL touch each other during flexion-extension or exo-
cndorotation ("winding up") On the basis of the results of measure­
ments, an answer to this question could be approximated by determining 
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Figure 4 25 
The minimal distance between the adiacent bundles AB (AAC) and EF (APC) during 
flexion in several positions of rotation Only during flexion in endorotation does the 
distance become negative because the bundles touch each other In specimen 2. Ihis 
"winding-up" effect was demonstrable in slightly more than 50° flexion 
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f/см»e 4 26 
The "winding-up" effect ol the CI ol specimen 1 
(APC) This minimal distance (s) was defined negative after both lines 
touched It was calculated for specimens 2 and 3 in all positions measured 
(figs 4 25 and 4 26) and proved to be positive during flexion in neutral 
position and flexion in exorotation this medns that the CL do not touch 
each other During flexion in endorotation the distance became negative 
at about 50°, indicating probable touching of the CL 
In this respect it should be pointed out again that in lower angles of 
flexion no endo-exorotation was imposed, and that no significant 
rotatory forces were applied in the other positions either 
4.5.8 Accuracy and precision of the measurements 
The accuracy of the measurements depends on a number of factors With 
regard to the measuring set-up these are 
- Inaccuracies in the manifacture of the test cage and reference plate 
(planarttv, parallelity) 
- Inaccuracies in the calibration of the fiducial and the control markers 
- Deviations in the punctateness of the roentgen source 
- Deviations in the plananty of the roentgen film 
The errors which result from these factors are to some extent averaged 
out by the mathematical optimalization procedure in relation to the 
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Errors in the evaluation of the roentgen films can result from 
- Inaccuracies of the coordinate measuring table 
- Inaccuracies in the coordinate measuring procedure 
The latter source of error is greatly influenced by the experience of the 
measuring expert and the quality of the roentgenogram (which in turn is 
determined by the punctateness of the roentgen source, the quality of the 
film and the quality of the image-intensifying screen) 
Finally, errors may occur in the interpretation of the results in the 
anatomical sense These errors depend on the initial positioning of the 
knee specimen in extension in the measuring set-up, for in this position 
the reference systems of the bone fragments in relation to the test cage are 
defined This source of error is inherent to the arbitrary character of the 
anatomical configuration, and its influence can only be reduced by 
positioning the knee specimen as carefully as possible 
In the context of this study, no attempt was made to determine the 
influences of all sources o( error on the results As regards the first 
category (the measuring set-up), extensive error analyses were performed 
in Lund (Selvik 1974, Olsson 1975) It was established that these errors 
remain within acceptable limits (as compared with the second category of 
sources of error), provided the measuring set-up fulfils a number of 
criteria These criteria were also applied to the configuration used in this 
study 
As regards the second category (evaluation of the roentgen films), an 
estimation of errors was once made by measuring the roentgenograms of 
specimen 5 twice These duplicate measurements were used to calculate 
for each parameter measured the variance, or the standard deviation (the 
root from the variance) (De Jong 1963) according to the equation 




result of first measurement 
result of second measurement 
number of duplicate values measured, which equalled the 
number of positions or changes of position for which the 
parameter was calculated twice 




The results are summarized in table 4 7 
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Table 4.7 Standard deviations of a number of parameters calculated for knee specimen 5. 
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These values, which gave an impression of the precision of the 
measuring procedure, do not differ significantly from the results obtained 
in Sweden (Olsson 1975). 
Because the marker systems are redundant, the computer programme 
"X-RAY" can also be used to calculate values which provide a measure 
of the accuracy of the entire experimental procedure (Selvik 1974). These 
values are printed out in the output. In this respect, too, no abnormal 
values were found for the various specimens used. 
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CHAPTER 5 
DISCUSSION OF RESULTS AND CONCLUSIONS 
During the study no external forces were applied to the knee, and no axial 
load was imposed We consider it very important to point out that the 
results should be regarded in the light of this information 
S.l NORMAL KNEL MOTION 
The natural flexion movement proved always to be accompanied, not 
only by endo-exorotation (Ψ) but also by synchronous forced valgus 
rotation (Θ). 
During flexion to 40o-60o in the neutral midposition all knees showed 
endorotation, the reverse occurred during flexion beyond 60°, but the 
initial position was never resumed This endorotation m synchrony with 
flexion was increased by flexing more m endorotation, and decreased by 
flexing in cxorotation The results obtained warrant no simple answer to 
the question whether a fixed pattern of rotation was associated with 
flexion in the neutral midposition In lower angles of flexion there seemed 
to be an indication of a fixed pattern endorotation invariably occurred 
In higher angles of flexion there was a wide margin of free rotation (table 
4 3) within which the neutral midposition was chosen at random, the 
undulating course of the curve in the neutral midposition certainly did 
not suggest a fixed pattern of rotation during flexion The rotation during 
the initial phase of flexion seemed to assume a fixed pattern, thus being 
the counterpart of the exorotation during the final phase ot extension 
(screw-home rotation) Since the endorotation did not attain its maxi­
mum at always the same angle of flexion, we decided in imitation of 
other authors (subsection 4 5 1) to study the endorotation from 0° to 20° 
flexion The value found (a mean of 6 2°) agreed well with the values 
reported by others (Braune, and Fisher 1891, Hallen and Lindahl 1966) 
Trent et al (1976) reported a much higher value (about 18°) 
A fixed pattern of rotation during passive movement in lower angles of 
flexion suggests that the endorotation during the initial phase of flexion 
takes an opposite course to the screw-home rotation along the same 
curve, but this has never been demonstrated with certainty (Barnett 
1953) If some free rotation also exists m the lower angles of flexion, then 
the two opposite movements may follow a slightly different path. Minor 
differences in the course of motion are conceivable because the final 
phase of extension and the initial phase of flexion are controlled by 
oppositely acting muscle groups The semimembranous muscle and the 
popliteal muscle start flexion and add an endorotatory component 
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(Kaplan 1962), the endorotatory action probably does not stop at exactly 
20° flexion The counterpart (screw-home rotation) is controlled by the 
quadriceps muscle and the ligaments, including the CL (Meyer 1853, 
Goodsir 1868, Albrecht 1877, Pick 1911. Palmer І9Ч8) 
During the conditions of our study there was certainly no fixed pattern 
of rotation in the higher angles of flexion It might nevertheless be found 
that an actively moved and loaded knee shows a fixed pattern of rotation 
during flexion a pattern which permits an optimal interaction ol the 
muscles and provokes the least resistance in the knee Braune and Fisher 
(1891) found a fixed pattern in actively moved knees endorotation from 
0° to 20° flexion and a return to the initial rotation from 20° to 120°flexion 
Dejour et al (1974) painted a different picture endorotation according to 
a fixed pattern up to 90° flexion In this angle of flexion further 
endorotation was no longer possible (but about 20° exorotation was) 
Their report, however, was not supported by objective measurements 
Few data are available on the synchronous forced valgus rotation 
during flexion The five knee specimens studied all showed this move­
ment during flexion (average total 10 7° in neutral rotation) The cause of 
this synchronous valgus rotation is to be sought in the geometry of the 
articular surfaces, which imposes this movement on the knee via the two 
contact areas during increasing flexion A smaller radius of curvature of 
the lateral femoral condyle is conceivable as a cause but has never been 
demonstrated with certainty (Fick 1904) The tibial plateau affords a 
better explanation The lateral plateau is of slightly convex shape, while 
the medial plateau is slightly concave Moreover, the lateral plateau 
shows a slight dorsal downslope This shape causes the lateral femoral 
condyle to show some distal displacement in the higher angles of flexion, 
when the contact area is localized more dorsally, whereas the medial 
femoral condyle slightlv rises against the posterior margin of the concave 
medial tibial plateau All in all, this results in a negative rotation round 
the z-axis, ι e valgus rotation of the tibia Deiouretal (1974) pointed out 
that, during flexion, something happens to the valgus-varus angle of the 
knee a correction of the physiological valgus angle As a result of this 
correction the tibia does not move to a position medial to the femur in 
maximal flexion but to a position immediately behind or beneath the 
femur "La flexion elle-même s'accompagne d'une inclinaison en varus 
progressif du tibia par rapport au femur" They thus described a varus 
(not a valgus) rotation Our nomenclature of rotations may explain this 
We opted in favour of a body-fixed coordinate system of the tibia to 
describe the movements It is not difficult to imagine that, with the knee 
in marked flexion, a negative rotation Θ round the body-fixed z-axis 
(valgus rotation) brings the tibia behind the femur (fig 3 1) And it was 
from this conception that Dejour et al (1974) proceeded 
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5.2 THE LENGTH PATTERNS OF THE CRUCIATE BUNDLES 
The behaviour of the CL during Пехіоп-extension. and especially the 
behaviour of the ACL, has long been a controversial subject (section 1.1). 
Anatomical research based on direct observation and manipulation 
yielded mostly qualitative data on changes in length and tension in the 
CL during flexion-extension. Girgis et al. (1975) published anatomical 
observations on the CL during endo-exorotation. 
Our study has contributed to the quantitative knowledge about the 
behaviour of the CL during all passive knee movements. We used a 
measuring method with a high degree of precision.The knees remained 
intact throughout the study, and the CL were approached as structures 
with differently functioning bundles. The following findings were ob­
tained in all specimens: 
- The anterior and posterior bundles of both CL showed a reciprocal 
behaviour during flexion-extension: the anterior bundles increased in 
length during flexion, whereas the posterior bundles decreased in 
length. It seemed logical to interpret this as a dorso-ventral shift of 
tension; however, objective measurements of tension were not made. 
These data are in agreement with the anatomical observations of 
Girgis et al. (1975). No data were collected on a mid-bundle. This, 
however, could be expected to show a length pattern intermediate 
between the extremes studied: a more or less flat curve. These data 
could not confirm that the CL show reciprocal behaviour (Wang et al. 
1973). At best this could be said of the largest bundles of both CL, 
more specifically the PAC and the APC. The maxim in the past was: 
"the ACL tenses in extension, and the PCL in flexion". At present it 
would seem better to state that "the bulk of the ACL (— PAC) is tense 
in extension, and the bulk of the PCL (= APC) in flexion". The role of 
the PCL was found to be of predominant importance in flexion, as 
Hughston (1969, 1976) also pointed out. 
- Movements in the transverse plane (endo-exorotation) exert less 
influence on the CL than do movements in the sagittal plane (flexion-
extension); the changes in length during endo-exorotation were less 
marked. 
The results of our study cannot be properly compared with the results 
reported by investigators who measured the entire CL without differen­
tiating between the various bundles. Many of these studies, moreover, 
were inaccurate and invasive. The dimensions of the CL and their 
attachments confronted these investigators with a difficult choice: where 
to place the "ruler". A glance at figures 4.11 and 4.12 reveals that an 
increase or a decrease in length is highly dependent on the site of 
measurement. One can measure along the AAC or the PAC and find an 
opposite pattern. Such contradictions can be traced in the literature. For 
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both CL, both an increase and a decrease in length have been described 
during flexion, and maximal changes, moreover, were found at different 
angles of flexion Some investigators found that both CL showed the 
same type of behaviour during flexion increase (Horwit? IQISiordecrcMse 
in length of both CL (in their strain gauge analysis Kennedy et al (1977) 
found maximal relaxation at 45°, the length decreased during flexion 
from 0° to 35°, and increased again during further flexion) Others found 
a reciprocal course of the length curves an increase in length of the ACL 
and a decrease in length of the PCL during flexion (Wang et al 1973) or 
the reverse, as Edwards et al (1970) calculated with their mathematical 
model and checked by direct strain measurements the ACL attained its 
minimal length at 60° flexion, while the PCI attained its maximal length 
at 50° flexion 
The multifdscicular structure of the CL has of old been 
recognized (Weber and Weber 1836, Pick 1911, Palmer 1938, Girgiset al 
1975) and has been taken into account in this study Others have also 
differentiated between ligament bundles in their measurements Lew and 
Lewis (1978) reported on a method of estimating m-vivo lengths of fibre 
bundles of various knee ligaments They proceeded from a cadaver knee 
of which the geometry had been charted completely — a model in which 
all ligament bundles and four readily palpable femoral and tibial bone 
landmarks had been localized exactly m various angles of flexion By 
measuring the same bone landmarks in live test subjects and then 
applying a homogeneous scaling of the cadaver model to the dimensions 
of the knee, the points of attachment of the various bundles in the test 
knee and the bundle lengths could be calculated The accuracy of this 
method was not very high due to the scaling process (homogeneous 
change of form) and the difficult localization of the bone landmarks 
Later, Lewis and Lew (1978) used this method to determine the lengths of 
the PAC and APC For comparison they also calculated these lengths 
theoretically, proceeding from rotation round a fixed screw axis Between 
0° and 90° flexion they found a decrease in the length of the PAC by some 
19% (theoretically some 359f ) and an increase in the length of the APC by 
some 44ψ( (theoreticallv 407r) Despite considerable numerical differences, 
table 4 5 shows similar tendencies These measurements (pertaining 
to a single test subject) were not made directly on the CL, nor 
were those reported by Wang et al (1973) and Trent et al (1976) These 
authors inserted nails through the femur and tibia as far as the sites of 
attachment of the CL, and related the coordinates of these attachments to 
the external points of the nails Wang et al (1973) reported results with 
similar tendencies as those described here 
- the A AC increased in length between 0° and 120° flexion 
- the PAC decreased in length between 0° and 120° flexion 
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- the APC increased in length between 0° and 60° flexion 
- the PPC decreased in length between 0° and 60° flexion. 
These studies also indicated a reciprocal behaviour of the anterior and 
posterior CL bundles, but there were significant numerical differences 
from our observations. Trent et al. (1976) found a similar behaviour of 
the anterior and middle bundles of both CL: an increase in length during 
flexion; and hardly any change in the length of the posterior bundles. 
Few measurements of bundle lengths during endo-exorotation have 
been reported. Trent et al. (1976) described the effect of rotation on the 
entire CL. They found an increase in length of the ACL in endorotation 
and a decrease in length in exorotation; and they found a varying effect 
on the PCL: usually an increase in length in endorotation and a decrease 
in exorotation, dependent on the position of the axis of endo-exorotation. 
Our observation — that the effects of endo-exorotation on the length 
patterns were relatively small — is indirectly supported by other investi-
gators. Wang and Walker (1974) observed that the action of the CLin the 
transverse plane (control of rotatory laxity) was subordinate to the action 
of the CoL. Butler, Noyes and Grood (1980) pointed out that rotation 
turned the peripheral capsule structures into a primary resistance to 
drawer forces beside the CL, and gave these capsule structures relatively 
greater importance than the CL (subsection 3.5.4). 
The length patterns found could not be directly translated into 
ligamentary restraint. Yet knowledge of this restraint under normal and 
under more traumatic conditions is of great importance. Calculation of 
this restraint requires knowledge, not only of the length patterns but also 
fo the stiffness characteristics of the CL, and of the strain of the CL in full 
extension (initial strain). These stiffness characteristics are not constant 
throughout the distance by which the lengths of the CL are increased 
(Noyes and Grood 1976; see subsection 3.6). Nothing is known with 
certainty about the initial strain or tensionless length. The initial strain 
problem might be solved by placing the ligament in question and its 
attachments in a test bank in the same position as in the extended knee, 
and then determining the strain in relation to the tensionless condition. 
Our length measurements can be used to calculate the strain of the CL in 
different angles of flexion, provided the initial strain is known. 
5.2.1 CLINICAL IMPLICATIONS OF THE LENGTH PATTERNS 
- The length patterns found and the geometry of the tibial and femoral 
articular surfaces are compatible. Replacement of these articular 
surfaces by a prosthesis would alter the behaviour of the CL whenever 
the movement of the prosthesis deviates from the original movement; 
the geometry of the prosthesis is of great importance in this respect. 
With non-hinging prostheses, stability is derived from ligaments given 
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a certain degree of tension bv an appropriate operative technique 
Stability is further promoted bv stritt conformity of the prosthesis 
components However, the question arises whether with a conformai 
prosthesis these ligaments function satisfactorily in all positions It 
cannot be excluded that, within the normal excursion, they sometimes 
relax too much, and at other times tense too much Lew and Lewis 
(1982) found a slight limitation of extension with a congruent Geo­
metric prosthesis and ascribed this to excessive tension in the ACL In 
addition thev found a high tension in the PCL be\ond 60° flexion A 
conformai prosthesis proved to be incompatible with a normal CL 
function and for this reason thev, like Walker and Hsieh (1977), 
advocated a prosthesis which approximates the original geometry of 
the knee 
With a conformai prosthesis, therefore, excision of the CL seems 
indicated Given more physiological possibilities of prosthesis move­
ment, no high tensions need be expected and it is advisable in 
particular to leave the PCL intact (the ЛРС is the principal stabilizer 
during flexion) The question remains whether ligamenlary tissue 
adapts itself to a changed movement A high tension in the PCL can 
disappear due to stretching of the ligament, on the other hand, a 
greater load mav cause the prosthesis to loosen graduallv 
- The length patterns of the CI arc determined b\ the relative displace­
ments of the femoral and tibial attachments An especially prominent 
feature is the rotation of the femoral attachment in association with 
femoral movements in relation to the tibia (figs 4 19, 4 20 and 4 21) 
Wismans (1980) established in his mathematical knee model that a 
change in the location of the femoral attachments of the CL exerted a 
greater influence on knee motion than an equal change in the location 
of the tibial attachments For this reason it is very important — in 
reconstruction or reinsertion of the CL — to select the proper sites of 
femoral attachment in particular In this respect one should take into 
account the different roles plaved by certain parts of the natural area 
of attachment as described here For example insertion of a recon­
struction in the posterior part of the area of attachment of the ACL 
produces a ligament which can ensure only limited stability during 
flexion Comparable criteria apply to the PCI (see subsection 4 5 2) It 
proved possible to achieve verv firm fixation of a ligament gralt with 
the aid of a bone plug (Van Rens 1977. Van den Berg et al 1981) A 
hollow drill is used to take a bone plug from the tibia and the femur. 
proceeding from the sites of atiachment of the CL to be replaced The 
plug is hammered back into the tract when the new ligament has been 
passed through It is important that the drill tract docs not remove the 
entire central part of the attachment so that the ligament comes to be 
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localized peripherally. In most cases the cut surface of the drill tract 
should preferably pass through the centre of the attachment (the drill 
axis is therefore aimed more at the periphery of the attachment), 
whereupon the ligament is fixed centrally. 
- The distribution of tension in a ligament determines which part is first 
affected in the case of trauma. The energy of the trauma may be 
sufficient to rupture the entire ligament, but a less severe injury may 
rupture only that part which is tensed at the time. Smillie (1978) 
described separate ruptures of the antero-medial and the postero-
lateral bundles of the ACL (the AAC and PAC, respectively). Palmer 
(1938) already published illustrations of ruptures of the AAC after 
abduction traumas; and he also described bundle ruptures with 
relative longitudinal displacement of the fibres of the different bun-
dles. Partial ruptures have been described and arthroscopically ob-
served more frequently in the ACL than in the PCL. The length 
patterns we found indicate that flexion-abduction-exorotation and 
flexion-adduction-endorotation traumas are most likely first to rup-
ture the AAC, and that hyperextension lesions are most likely 
primarily to affect the PAC. 
- The length patterns found can be used to evaluate the role of the CL in 
stability tests, e.g. the drawer test. This is illustrated for the ACL of 
knee specimen 3 in the anterior drawer test in fig. 5.1. In this figure the 
relative length changes of the AAC and the PAC as a function of the 
angle of flexion (neutral curve) are represented separately as percen-
tage of strain (compare with fig. 4.12). The strain in extension was set 
at 0% in this test. The curves indicate, in about 17°, 67° and 87° 
flexion, the strain of bundles AAC and PAC after an anterior drawer 
of 5 mm and 10 mm, respectively, is effected. The known spatial 
geometry of the ligament has been used in this calculation. 
The figure clearly shows that, in slight flexion (about 17°), the entire 
ligament is subject to considerable strain (at 10 mm drawer: the AAC 
about 13% and the PAC about 19%). In higher angles of flexion the 
PAC shows a significant change in length but at 10 mm drawer the 
strain only just attains the initial strain (0%), whereas the strain in the 
AAC at that time is nearly 20%. In other words: in higher angles of 
flexion an anterior drawer tests especially the anterior part of the ACL 
(in any case the posterior part is less severely tested). 
Figure 5.1 shows that traumas in higher angles of flexion are more 
likely to cause lesions of the anterior fibres in the ACL, while traumas 
in extension and slight flexion immediately affect the entire ligament, 
as already discussed. 
- With the length patterns found it should be possible to indicate in 
which angle of flexion the knee is best immobilized after operative 
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Figure 5 I 
Pen entages of strain of the bundles AAC and PAC in knee specimen 1 as a function of 
the angle of flexion (strain in extension set at 0% neutral curve) The figure indicates 
the strain of the bundles after imposition of an anterior drawer of 5 mm and 10 mm, 
respectively 
repair of the CL Tension in the sutured ligament must be minimized 
This can be achieved by bringing the femoral and tibial attachments 
together as closely as possible O'Donoghue (1950) treated his patients 
with an "unhappy triad" by applying a plaster cast in 30° flexion 
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Тпскеу (1968) advised immobilization in no more than 5° flexion, 
while Bousquet (1972) recommended immobilization in virtually 
complete extension Burn et al (1973. 1974) observed a better quality 
of ligament recovery when they allowed some movement, and design­
ed a hinging plaster cast allowing a limited amount of flcxion-
extension They experimentally determined the range of knee motion 
within which the sutured CL and CoL remained undamaged- this 
proved to be between 20° and 60° flexion Our study revealed a 
reciprocal behaviour oí the CL bundles, and consequently the choice 
ot the optimal position for immobilization must always be a com-
promise between full extension (maximal length of the PAC and PPC) 
and maximal elongation (plateaus) of the ЛАС and APC The plateau 
of the AAC began in 350-450 flexion, and that of the APC in 65°-80° 
flexion (subsection 4 5 2) The PCL has already been described as the 
most important ligament in flexion, this has to be taken into account 
in deciding on the position of immobolization In our opinion 30° -35° 
flexion is optimal, and with a hinged cast 20° - 50° flexion optimally 
meets the requirement that the sites of attachment should not be too 
far apart, lest tension develops We have also found, however, that in 
the case of an isolated rupture of the anterior part of the ACL 
immobilization after reconstruction is besf effected in extension 
- In antero-medial and antcro-lateral rotatory instability the ACL was 
often found to show a lesion or insufficiency (table 2 1) How can this 
be reconciled with the finding that endo-cxorotation has a subordinate 
and often ill-defined effect on the length patterns of the CL 9 During 
the trauma it is unlikely that rotation takes place round a physiolo­
gical axis of cndo-exorotation (as it did in our experiments) Palmer 
(1938) already described the sequence of ruptures of ligaments during 
such iniunes abduction or adduction first ruptured the peripheral 
capsule structures, whereupon rotation took place round an axis 
which has been displaced laterally or medially, respectively This 
rotation meant an anterior drawer for the ACL — a movement in the 
principal plane of action of the CL. the sagittal plane 
5.3 THE SCREW AXES DURING NORMAL KNEE MOVEMiNTS 
Most reports in the literature concern two-dimensional studies of the axes 
in flexion-extension and endo-exorotation movements 
5.3.1 The screw axes in flexion-extension movement 
During our study we determined a series of three-dimensional instant 
screw axes on the basis of the displacement of a number of fixed points in 
tibia and femur (see 3 2 2 2) The steps of movement were about 15° and 
the instant axes were determined, not only for "normal" flexion but also 
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for flexion more in endorotation and flexion more in exorotation. The 
successive instant axes in relation to the tibia were represented in fig. 
4.17, in which only one femoral contour was drawn for the sake of reader 
convenience. The axes found were not unique because the movement was 
not unique and took place within a margin of free movement. 
Some general conclusions from the positions of the axes are: 
- The instant axes were localized proximal to the tibia and intersected 
both femoral condyles, as the Weber brothers presumed in 1836. 
- The axes were virtually never localized in the tibio-femoral contact 
area as they would have been in a pure rolling movement (fig. 3.9). 
- The axes were often inclined, indicating a synchronous endo-exorota-
tion during flexion. Most axes were closer to the joint space on the 
lateral than on the medial side, indicating a greater rolling compo-
nent of the lateral femoral condyle which was manifested by relative 
endorotation during flexion. Flexion in relative exorotation showed 
axes closer to the joint space on the medial side. Braune and Fischer 
(1891, 1907) likewise found this inclination of the axis in synchronous 
rotation. 
- The axis sometimes took a horizontal course, consistent with flexion 
without a rotatory component. 
- The instant axes moved dorsally during flexion (about 9 mm), 
indicating that flexion was at least in part a rolling movement. Flexion 
thus proved to involve a combination of rolling and sliding; not a pure 
sliding movement because in that case no dorsal displacement of the 
instant axis would have been found (as in the case of contact areas 
showing no displacement). 
- The points of intersection of the instant axes with the midsagittal plane 
showed a zig-zag line, slightly more proximal on the ventral than on 
the dorsal side. A distinct pattern was not identifiable. 
- During flexion in endo-exorotation the instant axis pivoted along with 
the rotating femoral condyles. During flexion in forced endorotation 
the instant axis was found to show more dorsal displacement on the 
lateral than on the medial side, as also did the lateral femoral condyle. 
Flexion in forced exorotation showed the reverse. In synchronous 
endo-exorotation the instant axes followed the femoral condyles. This 
finding was also reported by Walker (1977). 
The results obtained with regard to the axes of movement are not 
readily comparable with the results of two-dimensional studies (see 
3.2.2.1). The great differences in the positions of the planar axes in these 
studies (fig. 3.13) demonstrate that such a simple approach is inadequate 
for detailed considerations. Our findings emphasize that the axes are not 
perpendicular to the sagittal plane, and in addition are subject to 
significant spatial changes in inclination during knee movements. Few 
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three-dimensional studies of the axes of movement in the knee-ioint have 
been published Blacharski et al (1975) determined axes ofmovement bv 
attaching flat plates to cither side of the |oint and determining instant 
centres of rotation for each plate The line connecting these centres was 
then accepted as instant axis The axes thus found had an inclination and 
showed spatial displacement A distinct pattern of displacement, how-
ever was not found 
Lewis and Lew (1978) determined a single screw axis for a flexion 
phase from 0° to 90° from the changes in spatial position of a number of 
"fixed" bone points Thev found an inclined axis which was shghtlv 
closer to the joint space on the lateral than on the medial side As wc did 
m ourstud> Braune and Fischer (1891) divided the flexion movement into 
a number of smaller steps Using a less precise measuring method, 
however, thev determined onh the angle of inclination but not the 
positions of the axes A detailed comparison of our findings with findings 
reported in the literatuie is therefore impossible due to the incomplete 
and often inaccurate character of these few publications Generally 
speaking however, our results are not inconsistent with the scanty data 
to be found in the literature 
5.3.2 The screw axes for endo-exorotation movements 
Fntirely in agreement with the findings reported bv Bousquet (1969), 
Wang et al (1973). Shaw and Murrav (1974) and Trent et al (1976) we 
found the point of intersection ot the axis for a complete endo-
exorotation movement with the transverse plane to be localized around 
the medial tubercle of the intercondylar eminence The dorsal displace-
ment of the axis with increasing flexion described by Bousquet (1969) was 
confirmed in our specimens (lig 3 14C) In fig 4 18 and Ap 1 7 the axis 
of endo-exorotation is represented as the point of intersection of the 
three-dimensional instant axis with the transverse plane This axis as a 
rule did not intersect perpendicularly with the transverse plane, and this 
indicates s\nchronous flexion-extension and adduction-abduction mo-
vements 
The abovementioned studies were two-dimensional and often used 
proiections of moving femoral (pre-fixed) points on the transverse tibial 
plane Shaw and Murrav (1974) used a tibial grid Wangetal (1973)and 
Trent el al (1976) used fresh specimens, but Bousquet (1969) studied 
formalin-fixed specimens Shaw and Murray (1974) studied both fresh 
formalin-fixed knees Despite these differences from our study, the results 
are in good agreement Trent et al (1976) assumed the axis of endo-
exorotation to be perpendicular to the transverse plane and to pass 
through the two-dimensionally determined centre The length patterns 
they determined indirectly showed an increase in length of the ACL in 
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endorotalion and a decrease in exorotation while the PCL behaved 
variably (section 5 2) They explained the latter from the position of the 
PCL in relation to a perpendicularly intersecting axis of endo-exorota-
tion This explanation docs not apply when the axis intersects the 
transverse plane at an inclination, as our study revealed 
5 4 THE SCREW AXES IN FI FXION-EXTFNSIOIN AND THE CRUCIATF LIGA-
MENTS 
On the basis of theoretical considerations several authors concluded that 
the "crossing-point" of the CL in a sagittal plane had to be the instant 
centre of rotation of the flexion-extension movement (Strasser 1917, 
Huson 1973, 1974, Menschik 1974) In their two-dimensional models the 
CL were regarded as line segments with a punctate crossing In some 
suspense we waited to see whether a relationship did in fact exist between 
the three-dimensional axis of flexion-extension and the crossing area of 
the CL In a few specimens the point of intersection of the axis with the 
midsagittal plane was determined, and found to be localized in the 
crossing area of the proiected CL (subsection 4 5 6), the ACL was usually 
intersected in the antero-medial bundle, and the PCL in the central 
bundle 
Thus we established a close correlation between the kinematic beha-
viour of the knee on the one hand (the flexion-extension axes), and the 
functioning of the CI on the other Palmer wrote in 1938 "The crucial 
ligaments regulate the proportion between rolling and spinning during 
flexion and extension", our study revealed indications which seem to 
confirm this The four-link mechanism is therefore not a bad model to 
use in attempts to explain the kinematics of knee function in general 
terms Evidently, however, the true possibilities of movement are three-
dimensional, and consequently this model is too simple for a more 
detailed study of the CL As shown in subsection 4 5 6, the ligaments in 
sagittal section have an ample crossing area, and the point of intersection 
with the axis is certainly not always localized in the centre of this area 
S S THE "TORSION" OF THE CRUCIATF LIGAMENTS 
There are virtually no published measurements of the intraligamcntary 
"torsion" of the CL fibres In fact this phenomenon of "torsion" has 
never been precisely defined In subsection 4 5 7 we propose a definition 
and discuss the calculation of "torsion" in the specimens studied 
Our calculations suggested exorotatory "torsion" of the fibre bundles 
of both CL with the knee in extension Due to minor differences in the 
implantation of the marking pellets the absolute value of this "torsion" in 
extension was less interesting than the changes in "torsion" during 
flexion-extension and endo-exorotation The changes during flexion 
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exceeded those during rotation, this seemed to be explained by the fact 
that the angle of flexion exceeded the angle of rotation 
- Flexion was found to have opposite effects on intraligamentary 
"torsion" in the ACL and the PCL Flexion from 0° to 90° caused an 
average increase of exorotatory torsion in the ACL from 46° to 105°, 
whereas exorotatory "torsion" in the PCL showed an average decrease 
and even reversal from 51° to -30° Palmer (1938) already reported 
these opposite effects during flexion Aim et al (1974) were among the 
few investigators who published measurements of "torsion" in the 
ACL in 90° flexion they found 110° exorotatory "torsion" 
- Endorotation and exorotation had an equal effect on the CL, exorota-
tion increased existent exorotatory "torsion" or reduced endorotatory 
"torsion", while endorotation did the opposite Bousquet (1969) 
thought that the "torsion" in the PCL inhibited exorotation, that 
exorotatory "torsion" therefore existed Our measurements revealed 
that this was the case only in less than 60° flexion Hughston (1969), 
however, described a "winding up" of the fibres of the PCL in 
endorotation, and consequently greater stability, we observed this 
winding up only beyond 60° flexion; under 60° flexion endorotation 
first caused extrication 
The abovementioned authors assigned to intraligamentary "torsion" 
the function of inhibiting exorotation or endorotation The fact that the 
twisting bundles were not equally tensed was disregarded The effect of a 
relaxed bundle twisting round a tense bundle seems but slight It is 
therefore impossible to draw conclusions about the effects of intraliga-
mentary "torsion". 
Our data on interhgamentary torsion of the CL revealed that Pick's old 
view on the twisting of the CL round each other in endorotation (1911) 
was not devoid of reason However, it was only during flexion in 
endorotation that the tenser central bundles AAC (=AB) and APC 
(=EF) touched each other beyond 50° flexion (figs 4 25 and 4 26) This 
effect would undoubtedly increase when greater force would be applied to 
the knee to impose endorotation 
The tautening of the knee in endorotation has been explained in several 
ways. To begin with, the peripheral capsule structures were implicated 
The extent to which the CL were held responsible for this tautening 
cannot be deduced from the data in the literature For the abovemen-
tioned reasons the role of intraligamentary "torsion" seems unimportant 
Increased tension m bundles AAC and APC (elongated as a result of 
flexion) plays no clearly defined role the length changes are too slight to 
deduce increased restraint in endorotation (subsection 4 5 2 and fig 
1 24) The interhgamentary "torsion" of the CL m endorotation beyond 
50° flexion, however, is of importance in this respect 
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5.6 VARIABILITY OF THE DATA 
Different knee specimens of course yielded different measurements 
Interpretation of the results must evidently take into account the 
precision and reproducibility of the measuring procedure The possibility 
of slight differences in the implantation of CL markers is pointed out in 
subsection 4 5 2 The positioning of the knee in the experimental set-up 
determined the orientation of the coordinate systems And differences in 
positioning were unavoidable Slight rotations of the coordinate system 
resulted in slightly different Fuler rotations during the same knee 
movement, but did not change the length patterns These differences in 
measuring technique were unrelated to the differences between the 
specimens but could help explain left-right differences and major interin-
dividual differences 
Several categories of differences in measured results between the knee 
specimens can be outlined 
A Intenndividual differences Knee-ioints can differ m many ways 
- m dimensions 
- m geometry of the articular surfaces 
- in localization of the attachments of the ligaments 
- in tibio-femoral angle, presence of genu valgum or genu varum, sex 
may be a factor of some influence in this respect, for a wide pelvic 
configuration in women not infrequently leads to a larger valgus angle 
than in men 
- in quality of tissus, greater laxity of the ligaments can lead to such 
phenomena as hypcrextension 
В Intra-individual left-right differences, possibly related to preferential 
functional use of either the left or the right leg 
С Differences resulting from pathological conditions such as gonarthro-
sis or injuries of the capsule, ligaments, menisci or articular surfaces, 
the anomalies may affect only one knee, thus causing left-right 
differences, or both knees, thus causing intenndividual differences 
between otherwise readily comparable subjects 
The lastmentioned category was eliminated as best we could in the 
preselection, only specimens 4 and 5 (68-year-old woman) showed 
minimal signs of pathology patellar chondromalacia The five specimens 
were obtained from three individuals who differed widely in size, in age 
(16, 35 and 68) and in sex (2 females and 1 male) Left-right differences 
could be studied because specimens 2 and 3 and 4 and 5 were pairs 
Despite quantitative differences, similar tendencies in the findings were 
demonstrable 
- All knees showed endorotation during initial flexion (the opposite of 
the screw-home rotation) The left-right differences in screw-home 
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rotation were not smaller than the interindividual differences between 
the three subjects. 
- All knees executed a synchronous valgus movement during flexion; in 
this respect quantitative agreement between the paired specimens 
exceeded that between the individuals. 
- The same tendencies were observed in the absolute length patterns of 
the CL in all specimens. Interindividual length differences were 
understandable; the left-right differences, particularly between the 
knees of the first pair, were relatively small (specimens 2 and 3). An 
identical pattern in the pairs was not expected, in part also in view of 
possible minor differences in the relative localizations of the pellets 
marking the attachments. 
- The relative length patterns of the CL were more suitable for 
comparison, although the patterns of the PCL of pair 2-3 and those of 
the ACL of pair 4-5 nevertheless showed some differences, comparable 
in magnitude with differences between the three individuals. 
- The axes during flexion-extension movements of the various knees 
could hardly be compared because the steps of movement and the 
synchronous endo-exorotations were not always the same. In all 
specimens the intersection of the axis with the midsagittal plane moved 
dorsally and distally with increasing flexion. In this respect, too, left-
right differences were not smaller than the interindividual differences. 
- The intersections of the axis for endo-exorotation with the tibial 
plateau were generally arranged around the posterior part of the 
attachment of the ACL. Again there was no uniformity: in specimen 4 
the intersections were localized slightly medial to the eminence. 
5.7 CLOSING REMARKS 
In our study we used the Selvik measuring system, which is superior in 
precision to many other methods. Moreover, similar tendencies were 
observed in all knee specimens studied. Apart from these positive 
aspects we have to point out some limitations. 
- Of all the fibrous connections between femur and tibia, only the CL 
were studied. The CoL equal the CL in importance, and for this reason 
we also marked the sites of attachment of these ligaments in our five 
specimens. The results of our measurements were analysed by De 
Lange et al. (1982, 1983). 
- After completion of the study we found that the two degrees of 
freedom of movement had not been studied in exactly the same way. 
Flexion-extension took a natural course, but endo-exorotation was 
not tested to the extremes of rotation in the lower angles of flexion. In 
the experimental set-up the tibia was fixed and the play of the femur 
was tested in upward and downward direction after the exposure in the 
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neutral position. This meant abduction-adduction in lower angles of 
flexion, and endo-exorotation beyond 30°-40o flexion. In retrospect it 
would have been better to fix the femur and have the tibia execute the 
movements. 
- Forces were hardly applied during the study; only movements within 
the margin of free mobility were evaluated. The data obtained can 
therefore not be directly extrapolated to knees exposed to various 
loads in day-to-day life or in sports. We applied no great torques, 
abduction-adduction or drawer forces, and in this respect we conse-
quently have no data to compare with those reported by other 
investigators (Wang and Walker 1974; Hsieh and Walker 1976; 
Markolf et al. 1976; Butler, Noyes and Grood 1980; I.ipke et al. 
1981). In reality, however, knee motion depends on possible modali-
ties of movement on the one hand, and functional load on the other. 
This study has attempted to contribute to a better understanding of 
the former aspect. 
5.8 CONCLUSIONS 
A.Selvik's roentgen stereophotogrammetric method proved to be suit-
able par excellence for accurate measurements on cadaver knees and 
for evaluation of the kinematics of the knee and the length patterns of 
its ligaments. 
B. After a preliminary anatomical study required for definition of the 
posterior and anterior bundles of both CL, the behaviour of these 
bundles (in terms of changes in their lengths) was measured and 
studied. The following findings were obtained: 
- The influence of flexion on the changes in CL bundle length 
exceeded that of rotation (movement in the sagittal plane was found 
to be more important for the CL than movement in the transverse 
plane). 
- During flexion the anterior bundles of both CL showed an increase 
in length, while the posterior bundles showed a decrease (unmis-
takably reciprocal behaviour). The increase in length of the anterior 
bundle of the PCL exceeded that of the anterior bundle of the ACL. 
The large anterior bundle of the PCL is of considerable importance 
for the stability of the knee during flexion. 
- During endorotation there was no further increase in length of the 
anterior CL bundles already elongated during flexion; this finding 
does not warrant a definite conclusion of increased resistance to 
endorotation. The effect of exorotation on the length patterns was 
variable. 
C. The so-called intraligamentary "torsion" of the CL was defined and 
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calculated from measurements During flexion from 0° to 90° the 
exorotdtory "torsion" in the ACL increased from about 46° lo 105°, 
while that in the PCL decreased from about 51° to -30° (i e endoro-
tatory "torsion") The effects of this "torsion" could not be evaluated 
because it has to be assumed that tense and relaxed bundles often wind 
round each other The "winding up" of the PCL in endorotation 
(Hughston 1969) was observed only beyond 60° flexion, in lower 
angles of flexion there was first an extrication of the bundles 
It was found that the CL might also wind round each other (interliga-
mentary "torsion") in endorotation beyond 50° flexion 
С The kinematic data on the Euler rotations and corresponding screw 
axes in the various specimens were in good agreement Rotation round 
a chosen x-axis (flexion-extension) was always associated with syn­
chronous rotations round the y-axis (endo-exorotation) and z-axis 
(abduction-adduction) The first 20° flexion was associated with an 
average of 6 2° endorotation (screw-home rotation) The five knee 
specimens all showed synchronous valgus rotation (abduction) during 
flexion (an average of 10 7° during flexion in neutral rotation) The 
literature mentions this finding only in qualitative terms (Dejour et al 
1974) The Euler rotations we found proved to depend on the 
orientation of the coordinate system in the knee, ι с on the positioning 
of the knee in the experimental set-up The fact that a slightly dilferent 
position of the coordinate system led to minor changes in the values of 
the synchronous rotations can be helpful in explaining the left-right 
differences and major intermdividual differences 
The screw axes for flexion-extension often passed through the femoral 
condyles at an inclination, especially during the initial phase of flexion 
the axis was closer to the joint space on the lateral than on the medial 
side This indicated a more rolling movement of the condyle on the 
lateral and a more sliding movement of that on the medial side, 
resulting in synchronous endorotation during the initial phase of 
flexion Flexion with the tibia in endorotation reinforced this inclina­
tion During rotation the screw axis was found to pivot with the 
femoral condyles During flexion from about 0° to 120° the point of 
intersection of the screw axis with the midsagittal plane moved distally 
and dorsally along a zig-zag line, over an average distance of 9 mm 
The screw axis for endo-exorotation intersected the tibial plateau 
around the medial tubercle and moved dorsally with increasing 
flexion 
F The theoretical postulate that the instant axes of flexion-extension 
intersect the crossing area of the CL, was confirmed This indicates an 
important correlation between the CL and the kinematic behaviour of 
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the knee. However, the axes did not always intersect the crossing area 
of the CL at the same point (e.g. in the centre). This means that a so-
called four-link model in which the CL are represented as rigid bars 
(Strasser 1917; Huson 1973, 1974; Menschik 1974) is less suitable for a 
more detailed description of the function of the CL. 
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APPENDIX 1 
Chapter 4 described the results of measurements on five knees. Illustra­
tions of the measurements on specimens 1,4 and 5 were not shown in this 
chapter for practical reasons. These illustrations are presented here. They 
concern: 
- The rotations executed round the x-axis, y-axis and 7-axis (figures Ap. 
1.1, Ap. 1.2 and Ap. 1.3). 
- The length patterns of the CL bundles in absolute and relative values 
(figures Ap. 1.4, Ap. 1.5 and Ap. 1.6). 
- The axis of endo-exorotation of specimens 4 and 5 (figure Ap. 1.7). 
- The intraligamentary "torsion" of the CL (figures Ap. 1.8, Ap. 1.9 and 
Ap. 1.10). 
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SUMMARY 
Views on the importance of the CL differ widely, and the review of the 
available literature on CL lesions which Goetjes published in 1913 shows 
that the controversies are not only of recent date. Controversial views 
often result from incomplete knowledge; and it was difficult to study the 
behaviour of the CL because they function deep in the centre of the knee. 
Data obtained on the CL after sacrificing the peripheral capsule should 
be regarded with some suspicion, and data on the intact knee are scanty. 
The function of a ligament is generally determined by its internal 
structure and volume, its attachments and orientation in the joint, and in 
particular by its changes in length during movements of the joint. These 
changes in length result in changes in tension and therefore in resistance. 
The aim of our study was to study the changes in length of the various CL 
bundles during flexion-extension and rotation. We studied only normal, 
intact knees and used a very precise measuring system based on roentgen 
stereophotogrammetry. This system was introduced by Selvik in 1974 
and has since proved its value in many fields of research. 
Since the anatomical literature is one of the principal sources of 
knowledge about the CL, chapter 1 presents a historical review of the 
morphology and more especially of the functional anatomy of the CL. 
The published work of Girgis et al. (1975) stimulated further research. In 
order to ensure an adequate definition of the various CL bundles we 
studied the course of the fibres by dissecting the ligaments after im-
mersion in water. We determined the origins and attachments of the 
anterior and posterior bundles as a starting-point for subsequent study. 
Most published anatomical studies present qualitative data on the CL, 
usually obtained after invading the knee. 
Clinical studies also made an important contribution to our knowledge 
of the CL. By relating the traumatic mechanism and the preoperative 
instability to peroperative findings, clinicians treating CL lesions could 
form an impression of the function of the CL. Chapter 2 therefore 
discusses the various traumatic mechanisms and conventional stability 
tests. The CL seemed to function mostly in the sagittal plane, and 
perhaps to a lesser extent in the transverse plane (excessive rotations in 
antero-lateral and antero-medial instability with rupture of the ACL). 
This chapter also briefly describes the evolution of ideas on the therapy of 
CL lesions. 
The past few decades have shown a rapid development of biomecha-
nics, resulting in a wealth of quantitative data on knee function, among 
other things. Chapter 3 discusses the kinematics of rigid bodies in general 
and of the knee in particular. Several aspects of knee motion are 
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elucidated. Kinematic data arc presented without a detailed discussion of 
the causes of movement, and a description is given of the effects of 
external loads on the intact knee. The role of the separate ligaments, 
including the CL, is also discussed. 
Chapter 4 presents and discusses personal observations. It discusses the 
principles of roentgen stereophotogrammetry according to Selvik and 
describes the adaptations which made it suitable for kinematic studies of 
joints. This three-dimensional measuring system proved to be suitable 
and sufficiently precise in our hands. After a pilot study of four knees, 
five normal knees (including two pairs) were selected for the experiments. 
The experimental set-up and the procedure are discussed. The remainder 
of chapter 4 is devoted to presentation of results, which in chapter 5 are 
compared with data from the literature. Finally, chapter 5 presents some 
conclusions, the most important of which arc: 
- The changes in length of the CL bundles during flexion-extension were 
more important than the changes in length during endo-exorotation. 
- The anterior bundles of both CL increased in length during flexion, 
while the posterior bundles decreased in length. 
- In extension the CL showed an exorotatory "torsion", which in-
creased in the ACL during flexion, and decreased in the PCL. It was 
difficult to evaluate the effect of this "torsion". 
- In endorotation beyond 50° flexion the CL wound round each other; 
this phenomenon might indicate inhibition of endorotation. 
- Flexion was associated with synchronous endorotation (comparable 
with screw-home rotation) and valgus rotation. 
- The positions of the screw axes for flexion-extension and endo-
exorotation were determined. 
- The screw axis for flexion-extension intersected the crossing area of 
the CL in the sagittal plane, confirming the four-link model of the 
knee. 
154 
HET GEDRAG VAN DE KRUISBANDEN IN DE MENSELIJKE KNIE 
SAMENVATTING 
De meningen over het belang van de CL lopen sterk uiteen en dat de 
controversiële standpunten niet alleen van recente datum zijn, blijkt uit 
het overzicht van de toenmalige literatuur over de CL-letsels van Goetjes 
in 19П Tegenovergestelde meningen zijn veelal het gevolg van onvolle­
dige kennis van zaken en het teit, dat de CL diep in het centrum van de 
knie functioneren, heeft ertoe bi]gedragen dat hun gedrag slechts met 
moeite onderzocht kon worden Gegevens over de CL, verkregen na 
opoffering van het perifere kapsel, dienen met een zekere argwaan 
bekeken te worden Gegevens over de CL van intacte knieën zijn schaars 
In het algemeen wordt de functie van een ligament bepaald door zi)n 
inwendige structuur en zijn omvang, door zijn inserties en verlooprich-
ting in het gewricht, en met name door zijn lengteveranderingen tijdens 
de bewegingen van het gewricht Deze lengteveranderingen resulteren in 
spannings- en dus weerstandsveranderingen De doelstelling van onze 
studie was de lengteverandcnngen van de verschillende CL bundels 
tijdens flexie-extensie en rotatie te bestuderen Slechts normale, intacte 
knieën werden onderzocht, waarbij wij gebruik konden maken van een 
zeer nauwkeurige meetmethode, gebaseerd op roentgen stereofotogram-
metne Dit systeem werd in 1974 door Selvik geïntroduceerd en heeft op 
vele terreinen zi|n waarde bewezen 
De anatomische literatuur is één van de belangri|kste kennisbronnen 
over de CL In hoofdstuk 1 werd een historisch overzicht gegeven over 
morfologie en met name de functionele anatomie van de CL Het werk 
van Girgis et al (1975) vormde een stimulans tot verder onderzoek Om 
tot een goede definiëring van de verschillende CL bundels te komen, werd 
door ons een studie gedaan naar het vezelverloop door preparatie van de 
ligamenten onder water De ongo en insertie van de voorste en achterste 
bundels werden in kaart gebracht, als uitgangspunt voor de navolgende 
studie Anatomische onderzoekingen leverden veelal gegevens over de CL 
van kwalitatieve aard, meestal verkregen aan geopende knieën 
Naast de anatomie leverde de kliniek een belangrijke bijdrage aan de 
kennis over de CL (hoofdstuk 2) Door het traumamechanisme en de 
prae-opcratieve instabiliteit te relateren aan de tijdens operatie gevonden 
letsels konden clinici zich bij de behandeling van CL letsels een beeld 
vormen over de functie van deze ligamenten De verschillende trauma-
mechanismen met hun externe krachten en de gebruikeli|ke stabiliteits-
testen werden besproken De CL leken vooral werkzaam in het sagittale 
vlak, wellicht in mindere mate in het transversale vlak (te ruime rotaties 
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bi| antero-laterale en antcro-mediale instabiliteit met een ruptuur van het 
ACL) Aan dil hoofdstuk werd een korte beschniving toegevoepd over de 
evolutie der ideeën aangaande de behandeling van CL letsels 
De laatste decennia heeft de biomechanica een snelle ontwikkeling 
doorgemaakt, dit resulteerde onder andere m een schat van kwantitatieve 
gegevens over de kniefunctie In hoofdstuk 3 werd de kinematica van 
starre lichamen in het algemeen en van de knie m het bijzonder 
besproken Verschillende aspecten van de kniebeweging werden belicht 
Naast de kinematische gegevens, waarbij de oorzaak van de beweging van 
de knie met nader werd aangegeven, werd een beschrijving gegeven van 
de effecten van uitwendige krachten op de intacte knie Ook de rol van de 
afzonderlijke ligamenten, waaronder de CL, werd besproken 
Gegevens over het eigen onderzoek zijn in hoofdstuk 4 te vinden 
Allereerst werd het principe van de roentgen Stereofotogrammetrie 
volgens Selvik besproken, aangevuld met de wijzigingen die het geschikt 
maakten voor kinematisch gewrichtsonderzoek Deze drie-dimensionale 
meetmethode bleek ook in onze handen goed bruikbaar en voldoende 
nauwkeurig Na een pilot-studie van een viertal knieën werden 5 normale 
kmeen geselecteerd, waaronder 2 paren, voor het onderzoek De proef-
opstelling en het verloop van het onderzoek werden vervolgens bespro-
ken De rest van hoofdstuk 4 werd gewijd aan de resultaten, in hoofdstuk 
5 werden deze vergeleken met gegevens uit de literatuur Tenslotte werd 
een aantal conclusies getrokken, waarvan hier de belangrijkste 
- de lengteveranderingen in de CL bundels tijdens flexie-extensie waren 
belangrijker dan de lengteveranderingen tijdens endo-exorotatie 
- de voorste bundels van beide CL namen tijdens flexie in lengte toe, de 
achterste af 
- de CL vertoonden in extensie een exorotatoire "torsie", die in het 
ACL tijdens flexie toenam, in het PCL afnam Het effect van deze 
"torsie" was moeilijk te schatten 
- de CL wonden bij endorotatie boven de 50° flexie rond elkaar Dit 
verschijnsel zou kunnen wijzen op een rem op endorotatie 
- flexie ging gepaard met een synchrone endorotatie (vergelijkbaar met 
de slotrotatie) en valgusrotatie 
- de ligging van de schroevingsassen voor flexie-extensie en endo-
exorotatie werd bepaald 
- de schroevingsas voor flexie-extensie sneed in het sagittale vlak het 
kruisingsgebied van de CL, een bevestiging van het vierstangen-model 
van de knie 
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STELLINGEN 
1. De buig-strekbcweging van de knie verloopt nimmer in één vlak, 
maar gaat steeds vergezeld van endo-exorotatie en abductie-adduc-
tiebcwegingen. 
2. De lengteveranderingen in de kruisbandbundels tijdens flexie duiden 
op een geleidelijke spanningsverschuiving van de achterste, meer 
perifeer gelegen bundels naar de voorste, meer centraal gelegen 
bundels. 
3. In flcxiestanden groter dan 50° veroorzaakt endorotatie een "opwin-
den" van de kruisbanden, resulterend in weerstand tegen endorota-
tie. 
4. In zijn algemeenheid is het onjuist intraligamentairc "torsie" van de 
achterste kruisband verantwoordelijk te houden voor hel verstrakken 
van de knie met versterkte tibio-femorale compressie tijdens endoro-
tatie. 
Hughsion. J.C.: J. Bone and Joint Surg. 51Λ. p. 1045, 1969. 
5. De drie-dimensionale achtereenvolgende schroevingsassen voor de 
flexie-extcnsicbeweging in het knicgewricht snijden het kruisingsge­
bied van de beide kruisbanden, hetgeen de bruikbaarheid van het 
zogenaamde 4-stangenmechanisme als kwalitatief bcwegingsmodel 
bevestigt. 
Huson. Α.: The knee joint, proceedings of' the international congress in 
Rotterdam, p. 163-168. Excerpta Medica, Amsterdam, 1974. 
6. Het geringere bloedverlies bij operaties in het kleine bekken en aan 
de onderste extremiteiten onder spinaal of epiduraal anaesthesie in 
vergelijking met algehele anaesthesie, berustend op een verlaagde 
vullingsdruk in het veneuze vaatbed tengevolge van een sympathische 
blokkade van de vaatmusculatuur, heeft sterk bijgedragen aan de 
toenemende waardering voor deze vorm van anaesthesie. 
Sculco. T.P. en Ranawat, C: J. Bone and Joint Surg. 57A,p. 173-177, 1975. 
7. De consumptie van rode palmolie behoedt in West-Afrika vele 
opgroeiende kinderen voor blindheid. 
8. De aankomende tropenarts kan snel en goedkoop een bijdrage 
leveren aan de verbetering van de gezondheidstoestand van de lokale 
bevolking door constructie van eenvoudige toiletten — bijvoorbeeld 
een bedekte "wet pit" —, welke faecale besmetting van het opper-
vlakte-water kunnen voorkomen. 
9. De hoge graad van associatie tussen spondylitis ankylopoetica en het 
celwand-antigeen HLA B27 maakt bij rugpatiënten met een abnormale 
stijfheid en een verhoogde bezinking een vrocgdiagnose langs serolo-
gische weg mogelijk, daarentegen bij rugpatiënten zonder ontste-
kingsverschijnsclen bestaat het gevaar van een foutieve diagnose 
spondylitis ankylopoetica, aangezien ongeveer 80% van alle HLA 
B27 positieve personen nimmer dit ziektebeeld zal ontwikkelen. 
10. Meer dan de helft van de bestaande enkelbandplastieken voor 
chronische laterale bandinstabiliteit toont een verloop dat niet 
overeenkomt met dal van de oorspronkelijke banden, waardoor de 
mechanische functie niet optimaal kan zijn. 
Huiskcs, R.: Geneeskunde en Sport 12, p. 15-20, 1979. 
11. De arthroscopic van het kniegewricht ligt op het werkterrein van de 
orthopedisch chirurg. 
12. De kernachtigheid van de Engelse termen "shift, tilt, twist" ter 
omschrijving van de verschillende vormen van instabiliteit van de 
knie is in het Nederlands niet te evenaren. 
Aplcy, A.G.: J. Bone and Joint Surg. 62B. p. 515, 1980 
13. Deeltijdarbeid is kostenverhogend en kost banen. 
14. De beeldend kunstenaar noch de wetenschapsbeoefenaar moeten te 
veel in hun werk laten krassen. 
15. Gelukkig wekken knieën bij niet-medici een ander soort bewondering 
dan bij medici. 
Nijmegen, 27 mei 1983 R. van Dijk 


